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Part 1: Mechanism of Pain 
 
 
Pain is a submodaliry of somatic sensation like touch, pressure, and position sense and 
serves an important protective function. While pain signals are transmitted through the 
ascending pathways, these signals are also controled by descending signals arose from 
central pain modulation system. In this part, we will briefly overview the basic 
mechanisms underlying pain processing ranging from peripheral nociceptors, and 
spinal dorsal horn to the higher brain centers.  
 
1. Somatic Sensation 
 
Somatic sensibility arises from information provided by a variety of receptors 
distributed throughout the body. Somatic sensibility has four major modalities: 
discriminative touch (required to recognize the size, shape, and texture of objects and 
their movement across the skin), proprioception (the sense of static position and 
movement of the limbs and body), nociception (the signaling of tissue damage or 
chemical irritation, typically perceived as pain or itch), and temperature sense (warmth 
and cold). 
Each of these modalities is mediated by a distinct system of receptors and pathways to 
the brain. However, irrespective of modality, all somatosensory information from the 
limbs and trunk is conveyed by a common class of sensory neurons: the dorsal root 
ganglion neurons. The cell body lies in a ganglion on the dorsal root of a spinal nerve. 
The axon has two branches, one projecting to the periphery and one projecting to the 
central nervous system. The terminal of the peripheral branch of the axon is the only 
portion of the dorsal root ganglion cell that is sensitive to natural stimuli. Individual 
dorsal root ganglion neurons respond selectively to specific types of stimuli because of 
their property of the peripheral nerve terminals. The remainder of the peripheral 
branch, together with the central branch, is called the primary afferent fiber; it 
transmits the encoded stimulus information to the spinal cord or brain stem. 
The peripheral terminals of dorsal root ganglion neurons are of two types. The 
terminal may be a bare nerve ending or the nerve ending may be encapsulated by a 
nonneural structure. Dorsal root ganglion neurons with encapsulated terminals 
mediate the somatic modalities of touch and proprioception. They sense stimuli that 
indent or otherwise physically deform the receptive surface. In contrast, dorsal root 
－2－ 
 
ganglion neurons with bare nerve endings mediate painful or thermal sensations. 
Mechanoreceptors and proprioceptors are innervated by dorsal root ganglion neurons 
with large-diameter, myelinated axons that conduct action potentials rapidly. Thermal 
receptors and nociceptors have small-diameter axons that are either unmyelinated or 




Nociceptors are present in most body tissue, including skin, joints, bone, muscle, most 
internal organs, blood vessels, and the heart. Harmful stimuli to the skin or 
subcutaneous tissue activate several classes of nociceptor terminals, the peripheral 
endings of primary sensory neurons whose cell bodies are located in the dorsal root 
ganglia and trigeminal ganglia. Three major classes of nociceptors are thermal, 
mechanical, and polymodal nociceptors. 
 Thermal nociceptors are activated by extreme temperatures (>45 or <5). Mechanical 
nociceptors are activated by intensive pressure applied to the skin. Polymodal 
nociceptors are activated by high-intensity mechanical, chemical, or thermal (both hot 
and cold) stimuli. These three classes of nociceptors are widely distributed in skin and 
deep tissues and often work together (Kandel et al., 2000). 
 
3. Spinal Mechanism 
 
3.1 Primary Afferent Fibers 
 
Axons bringing information from the somatic sensory receptors to the spinal cord or 
brain stem are the primary afferent fibers. The primary afferent fibers enter the spinal 
cord through the dorsal roots. The most common means of classification of primary 
afferent fibers is based on their conduction velocity which is directly related to the axon 
diameter and to whether or not the axon is myelinated, and also correlates with the type 
of sensory receptor to which they are attached. 
 Touch sensations, mediated by the cutaneous mechanoreceptors, are conveyed by the 
relatively large Aβ axons, which can conduct at up to 75 m/sec. On the other hand, the 
transduction of painful stimuli occurs in the free nerve endings of unmyelinated C fibers 
and lightly myelinated Aδ fibers. Aδ and C fibers bring information to the CNS at 
different rates, because of differences in their action potential conduction velocities 
(Mark et al., 2007). Accordingly, when you hit your thumb with a hammer, a sharp first 
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pain is felt immediately, followed later by a duller, longer-lasting aching, sometimes 
burning second pain. The fast sharp pain is transmitted by Aδ fibers that carry 
information from thermal and mechanical nociceptors. The slow dull pain is 
transmitted by C fibers that are activated by polymodal nociceptors (Kandel et al., 
2000). 
 
3.2 Dorsal Horn 
 
 The dorsal horn of the spinal cord is the major receiving zone for primary afferent 
fibers. Nociceptive primary afferent axons terminate almost exclusively in the dorsal 
horn, and it is therefore the site of the first synapse in ascending pain pathways. In 
addition to the terminations of primary afferent neurons, the dorsal horn consists of 
many interneurons with terminations within the spinal cord, and many transmission 
neurons with axons that leave the spinal cord and terminate in the brainstem, 
thalamus, and hypothalamus. The dorsal horn also receives many inputs from higher 
brain centers that can modify, or in some cases, completely inhibit transmission from 
primary afferent neurons to other brain centers. 
 
 
Fig. 1.1. Laminae of the spinal cord dorsal horn (Light and Lee, 2009). 
 
Rexed divided the dorsal horn of the spinal cord into six layers or laminae, based on 
differences in the size, shapes and packing density of the cells within them (Rexed, 
1952)(Fig. 1.1.). Among these laminae, laminae I, II (collectively known as the 
superficial dorsal horn) and V are most often associated with nociception (Light, 1992). 
Vast majority of neurons in lamina I, also called the substantia spongiosa or marginal 
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layer (Waldeyer, 1889; Ramon and Cajal, 1909), respond exclusively or preferentially to 
various forms of noxious stimuli (Light, 1992). While many of the neurons in lamina I 
most likely function as integrative interneurons within lamina I, a large proportion of 
neurons in this lamina have been shown to project to other spinal and brain regions, 
including the thalamus, the parabrachial region, the medullary reticular formation, and 
even the hypothalamus. Thus, one of the major functions of lamina I is to convey 
information about nociceptive inputs to higher brain centers. 
Lamina II, also known as the substantia gelatinosa, can usefully be subdivided into 
two parts, generally referred to as lamina II inner region (IIi) and outer region (IIo). 
Lamina IIo contains mostly nociceptive neurons while most neurons in lamina IIi  
respond to innocuous mechanical stimuli (Light et al., 1979; Price et al., 1979; Woolf and 
Fitzgerald, 1983; Light and Kavookjian, 1988; Light and Willcockson, 1999). In addition 
to projections to lamina I, lamina IIo neurons have been shown to project to deeper 
laminae, including laminae III, IV, and V (Light and Kavookjian, 1988; Eckert et al., 
2003). There are both inhibitory and excitatory intralaminar, as well as extralaminar, 
connections. (Lu and Perl, 2005). A few neurons in lamina II have also been shown to 
project long connections to the thalamus (Giesler et al., 1978; Willis et al., 1978). Thus, 
lamina IIo neurons may function both as inhibitory neurons helping to create the 
inhibition surround receptive fields, and as excitatory relay neurons for convergence of 
receptive fields and possible amplification of the excitatory signal. In addition to 
innocuous mechanical inputs, nociceptive inputs have also been shown to reach lamina 
IIi. For instance, some nociceptive primary afferent fibers have shown extensive 
terminations in lamina IIi, and some neurons in this layer have been found to be 
activated preferentially by nociceptive stimuli (Sugiura et al., 1986; Koerber et al., 
2004). 
A very large literature exists on the nociceptive properties of neurons in lamina V 
(Wall, 1967,1973; Mendell and Wall, 1965; Hillman and Wall, 1969; Price and Dubner, 
1977; Dubner, 1978; Dubner and Bennett, 1983; Willis, 1985, 1988a). Neurons in this 
lamina have been known to largely project to the thalamus, making it a large 
contributor to the spinothalamic tract and this tract has long been implicated as a pain 
transmission pathway. Lamina V contains many neurons that respond to both noxious 
and innocuous stimuli, and also neurons that respond selectively to noxious stimuli. 
Moreover, innocuous mechanoreceptive neurons are also found in this lamina (Mendell 
and Wall, 1965; Hillman and Wall, 1969; Light and Durkovic, 1984). 
 The remainder of the laminae (laminae III, IV and VI) mostly contain neurons that 
respond predominantly to innocuous stimuli (Pomeranz et al., 1968; Price and Mayer, 
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1974; Wall et al., 1979; Light and Durkovic, 1984; Armett et al., 1962; Price and Browe, 
1973). However, at least some nociceptive neurons have been shown to exist in these 
laminae and some nociceptive primary afferents terminate in these regions (Brown and 
Fyffe, 1981; Maxwell et al., 1983; Maxwell and Koerber, 1987). 
 
4. Ascending Pathways 
 
 Nociceptive information traveling from the periphery in primary sensory neurons is 
transmitted to second-order neurons located at the spinal cord. From this first relay, 
various pathways distribute nociceptive input through higher processing centers so that 
pain is ultimately perceived in its multiple dimensions and adequate adaptive 
responses are generated. The major two ascending pathways important for pain are 
direct projections to the thalamus (i.e. the spinothalamic tract, STT), and direct 
projections to homeostatic control regions in the medulla and brain stem (i.e. 
spinomedullary and spinobulbar projections) 
 
4.1 Spinothalamic Projection 
 
 From the spinal cord, nociceptive inputs is conveyed both to the posterior lateral 
sensory nuclei of the thalamus, in the lateral or neospinothalamic pathway (Bowsher, 
1957; Mehler, 1957; Willis et al., 1974; Giesler et al., 1976) and to medial thalamic 
nuclei, in the medial or paleospinothalamic pathway (Mehler et al., 1956; Bowsher, 
1957; Mehler, 1957; Giesler et al., 1981). While the first is monosynaptic, made up of 
spinal neurons projecting directly to the thalamus (Trevino and Carstens, 1975; Willis 
et al., 1979; Giesler et al., 1979), the second is either monosynaptic or polysynaptic with 
a variable number of relays along the brainstem (Johnson, 1954; Mehler et al., 1956; 
Rossi and Brodal, 1957; Bowsher, 1957; Carstens and Trevino, 1978; Willis et al., 1979; 
Giesler et al., 1979). 
 The lateral spinothalamic pathway is thought to be involved in the discriminative 
aspects of pain (Bowsher, 1957; Melzack and Casey, 1968). Both spinal and thalamic 
neurons of the lateral spinothalamic pathway have shown to be capable of encoding the 
extent of the stimulated area and the intensity of the stimulus (Kenshalo et al., 1979; 
Peschanski et al., 1980; Guilbaud et al., 1985; Willis, 1988c; Guilbaud and Kayser, 1988), 
and terminate following a somatotopic pattern in the thalamus and cortex respectively 
(Whitsel et al., 1978; Boivie, 1979). The medial spinothalamic pathway is thought to 
deal with the affective and volitive aspects of pain (Bowsher, 1957; Melzack and Casey, 
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1968). Spinal and thalamic neurons of the medial pathway have revealed to present 
responses unrelated to stimulus intensity (Giesler et al., 1981; Guilbaud et al., 1985) 
and no topographical arrangement of their axonal terminal arborizations in both the 
thalamus (Boivie, 1979) and cortex (Morison and Dempsey, 1942; Jones and Leavitt, 
1974). 
 
4.2 Spinobulbar Projections 
 
 Spinal projections to the brain stem are important for the integration of nociceptive 
activity with processes that subserve homeostasis and behavioural state. There are also 
pathways that indirectly convey nociceptive activity to the forebrain following 
integration in the brain stem. In addition, spinal input to the brain stem influences the 




 There is dense spinal input concentrated in the lateral part of pontine parabrachial 
nuclei (PB) (Craig, 2003). The projection is weakly organized topographically (Feil and 
Herbert, 1995). Spinal input to PB originates primarily from lamina I neurons, with a 
weak contribution from laminae IV-VI cells. Findings in rats indicate that PB has 
numerous interconnections with brain stem reticular formation cells appropriate for its 
role in homeostasis and autonomic integration (Chamberlin and Saper, 1992). 
 The PB projects to the hypothalamus, amygdala, midline and intralaminar thalamus, 
and a portion of the ventrobasal thalamus (VMb, VPMpc) that serves as a relay to the 
insular cortex for general and special visceral (gustatory) sensory activity (Bernard et 
al., 1993). Nociceptive PB neurons that project to the amygdala or the hypothalamus 
have response characteristics similar to lamina I neurons (Bernard and Besson, 1990). 
Lamina I input to PB thus provides a substrate for integration of nociceptive activity 
with general visceral (homeostatic) afferent activity, as well as an indirect relay to 




 Moderately dense spinal input occurs in the lateral and ventrolateral (caudal) portion 
of the midbrain periaqueductal grey (PAG). It originates primarily, but not exclusively, 
from lamina I. It is topographically organized in the lateral PAG, with a rostrocaudal 
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sequence (Wiberg et al., 1987). The PAG is a major mesencephalic site for homeostatic 
control and limbic motor output that has both ascending and descending projections. 
Spinal input to the PAG may be integrated with descending antinociceptive modulation 
of the spinal cord by way of PAG projections to the rostral ventromedial nucleus (rephe 
magnus), dorsolateral pons and the ventrolateral medulla (Basbaum and Fields, 1978; 
Fields, 1987). 
 
5. Representation of pain in the brain 
 
 
Fig. 1.2. Schematic representation of ascending pathways, subcortical structures and 
cerebral cortical structures involved in processing pain. ACC, anterior cingulate cortex; 
Amyg, amygdala; BG, basal ganglia; HT, hypothalamus; M1, primary motor cortex; PAG, 
periaqueductal grey; PB, parabrachial nucleus of the dorsal pons; PCC, posterior 
cingulate cortex; PF, prefrontal cortex; PPC, posterior parietal complex; SI and SII, 
primary and secondary somatosensory cortical areas; SMA, supplementary motor area. 
(Bushnell and Apkarian, 2006). 
 
Nociceptive information is transmitted from the spinal cord to the brain via several 
different pathways. Consequently, multiple regions of the forebrain, including the 
primary and secondary somatosensory cortex (SI, SII), the insula, anterior cingulate 
cortex (ACC), and parts of the prefrontal cortex (PFC), are activated (Fig. 1.2.). These 
areas are involved in the generation of painful percepts as well as in the descending 
control of pain (Kenshalo and Willis, 1991; Treede et al. 1999; Price, 2000; Apkarian et 
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al., 2005). Most of these areas are also involved in other sensory, emotional, cognitive, 
motor or autonomic functions. Hence, the nociceptive system converges with other 
systems for the generation of the complex experience of pain. 
 
5.1 Multidimensionality of Nociceptive Processing in the Brain 
 
Pain perception has been conceived to consist of sensory-discriminative, 
affective-motivational and cognitive-evaluative dimensions (Melzack and Casey, 1968). 
The sensory-discriminative dimension includes intensity discrimination, stimulus 
localization and timing discrimination; this dimension is traditionally thought to 
involve lateral thalamic nuclei and the somatosensory cortices SI and SII. The 
affective-motivational dimension includes perception of the negative hedonic quality of 
pain, autonomic nervous system manifestation of emotions, and motivated behavioral 
responses; this dimension is traditionally thought to involve medial thalamic nuclei, 
ACC and insula. The cognitive-evaluative dimension includes interaction with previous 
experience, cognitive influence on perceived pain intensity and an overall evaluation of 
its salience; this dimension is traditionally thought to involve the PFC. However, 
various neuroimaging results do not easily fit into the traditional three dimensions of 
pain. 
 
5.2 Location and Quality of Pain 
 
 SI nociceptive neurons have been shown to have discrete receptive fields, so that 
different neurons respond to painful stimulation in different skin areas (Kenshalo et al., 
1988; Kenshalo and Isensee, 1983). Correspondingly, EEG, PET, and fMRI studies have 
shown a topographic organization of nociceptive responses in SI cortex (Tarkka and 
Treede, 1993; Andersson et al., 1997; DaSilva et al., 2002; Strigo et al., 2003; Vogel et al., 
2003). Most imaging studies find little somatotopic organization of pain in other cortical 
areas (Tarkka and Treede, 1993; Xu et al., 1997), thus suggesting that responses in SI 
cortex may be most important for pain localization. 
 Strigo and colleagues directly compared brain activations produced by esophageal 
distension and cutaneous heat on the chest that were matched for pain intensity (Strigo 
et al., 2003). They found that the two qualitatively different pains produced different 
activation in insula, SI, motor and prefrontal cortices. Such local differences in 
responses within the nociceptive network might subserve our ability to distinguish 
visceral and cutaneous pain as well as the differential emotional, autonomic, and motor 
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responses associated with these different sensations. 
 
5.3 Affective Components of Pain 
 
 Emotional aspect of pain is less understood than sensory-discriminative components. 
Pain hurts and can lead to anxiety and depression. Conversely, patients suffering from 
anxiety and depression experience pain more strongly and are more likely to develop 
chronic pain. Numerous anatomical, physiological and behavioral studies have 
demonstrated the important role of the limbic system in the affective-motivational 
component of pain. Among several regions in the limbic system, amygdala and ACC are 
key players in the processing of affective components of pain. The amygdala has long 
been known for its important role in emotion processing (Phelps and LeDoux, 2005). 
Accordingly, a growing body of evidence strongly supports the concept that the 
amygdala is an important player in the emotional-affective dimension of pain (Gao et al., 
2004; Ji et al., 2007; Neugebauer et al., 2004). The anterior cingulate cortex (ACC) has 
been implicated in many functions related to emotion processing, including conflict 
resolution, and reward processing to the evaluation of socially relevant information 
(Beckmann et al., 2009). Neuroimaging studies have been shown that the ACC is one of 
the most consistently activated regions by pain (Apkarian et al., 2005). In addition, the 
dorsal ACC has mainly been implicated in the cognitive modulation of pain affect 
(Faymonville et al., 2000; Wager et al., 2004). 
 
6. Descending Modulation 
 
 Pain is a sensory process that reflects the level and intensity of noxious stimulus but is 
also closely controlled or modulated by the central nervous system (CNS). In fact, the 
intensity of the perceived pain depends on the condition of a host. For example, injuries 
sustained during athletic competitions or combat are often initially reported as being 
relatively painless, although these same injuries would probably be extremely painful 
under other circumstances (Beecher, 1959; Melzack et al., 1982). The most important 
underlying mechanisms responsible for the variant pains are the existence of the 
endogenous pain modulatory systems, in which brainstem descending pathways play a 
fundamental role (Fields and Basbaum, 1999; Millan, 2002). 
There are multiple brain sites and pathways that are involved in descending pain 
modulation (Fields and Basbaum, 1978, 1999; Gabhart, 1988; Oliveras and Besson, 
1988; Sandkühler, 1996; Willis and Westlund, 1997; Millan, 2002). The major areas 
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involving endogenous pain modulation are the midbrain PAG, rostral ventromedial 
medulla (RVM), and the spinal cord (Fig. 1.3.). 
 
Fig. 1.3. A major pain-modulating pathway with critical links in the midbrain 
periaqueductal grey (PAG) and rostral ventromedial medulla (RVM). H, hypothalamus; 




 PAG neurons are organized in longitudinal columns that function to integrate inputs 
from the limbic forebrain and diencephalon with ascending nociceptive input from the 
dorsal horn (Bandler and Keay, 1996). The anatomical studies implicate the importance 
of the midbrain PAG in descending pain modulation. Ascending fibers from the spinal 
cord dorsal horn including axons of lamina I nociceptive neurons terminate in the PAG 
(Menétrey et al., 1982; Hylden et al., 1986; Azkue et al., 1998; Keay et al., 1997). 
Afferent input from the cerebral cortex, hypothalamus, the cuneiform nucleus, caudal 
brainstem nuclei such as nucleus raphe magnus (NRM), also enters PAG (Beitz, 1982). 







control, including RVM, LC/SC, A5, PB, NTS, hypothalamus and amygdala (Jensen and 
Gabhart, 1988; Fields and Basbaum 1999). 
 Animal studies have demonstrated that electrical stimulation of PAG produces 
profound antinociception, or analgesia (Reynolds, 1969; Mayer et al., 1971; Mayer and 
Liebeskind, 1974; Fardin et al., 1984). During stimulation-produced analgesia, the 
animals could move and were responsive to audiovisual stimuli during stimulation. 
However, the responses to noxious stimuli, including orientation, vocalization and 
escape, were absent. Thus, in animals, stimulation-produced analgesia is not due to a 
generalized sensory and motor deficit, and is both highly selective and robust. 
 The stimulus-produced analgesia has also been successfully observed in humans with 
chronic intractable pain (Boivie and Meyerson, 1982; Baskin et al., 1986). Electrical 
stimulation of the midbrain periaqueductal and hypothalamus periventricular areas 
produces long-standing analgesia from very brief periods of stimulation. With 
implanted electrodes in the brain, some patients can self-stimulate for 10-15 min, two to 
three times per day for adequate pain control (Kumar et al., 1997). It has been observed 
in patients who have had failure of the implanted stimulation system, that the actual 
return of pain to its original pre-stimulation level takes 10 days to 2 weeks (Kumar et 
al., 1997). This would indicate that activation of the endogenous pain control system has 
a long-lasting effect. 
 Furthermore, responses of nociceptive neurons in the spinal cord dorsal horn to 
noxious stimulus are selectively inhibited by PAG stimulation, and lesions of the spinal 
cord dorsolateral funiculus block the brain stem inhibition of both nociceptive dorsal 




 Convergent lines of evidences indicate that PAG stimulation-produced analgesia is 
relayed through other brainstem nuclei. The RVM has been identified as the premier 
relay station between the PAG and spinal dorsal horn. The RVM mainly consisting of 
the midline nucleus rephe magnus (NRM) and the adjacent gigantocellular reticular 
nucleus, alpha part (GiA). Extensive evidence supports the critical involvement of the 
PAG-RVM-spinal dorsal horn pathway in descending pain control. 
 Direct spinal projections to the RVM are sparse, but the RVM does indirectly receive 
spinal input, possibly via the PAG and nucleus cuneiformis or through the adjacent Gi 
(Basbaum and Fields, 1984; Fields and Basbaum, 1999), which receives a large direct 
projection from nociceptive spinoreticular neurons and projects massively to the RVM. 
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The major source of input to the RVM is from the PAG and cuneiformis nucleus (Fardin 
et al., 1984; Fields and Basbaum, 1999). The RVM has major projections to the spinal 
cord. Neurons of all subregions of RVM, NRM, GiA, and LPGi send axons to the spinal 
cord (Basbaum and Fields, 1979, 1984). The densest terminal fields of RVM descending 
fibers are in superficial and deep dorsal horn where nociceptive information is 
processed. 
 Electrical stimulation and microinjection of an opioid receptor agonist into the PAG 
activate NRM neurons that project to the spinal cord (Behbehani and Pomeroy, 1978; 
Fields and Anderson, 1978). The excitation of NRM neurons by injection of glutamate 
into the PAG is associated with an increase in nociceptive response threshold 
(Behbehani and Fields, 1979). Electrical stimulation or microinjection of excitatory 
amino acids into the RVM produces analgesia and inhibits dorsal horn neuronal 
responses to noxious stimulation (Fields et al., 1991). Anatomical lesions, reversible 
inactivation with lidocaine (lignocaine), or microinjection of excitatory amino acid 
receptor antagonists into the RVM abolish the analgesia produced by activation of PAG 
neurons (Fields et al., 1991). Lidocaine block of the NRM blocks PAG 
stimulation-produced inhibition of spinal nociceptive neurons in cat (Gebhart et al., 
1983). 
 Thus, although studies suggest that some PAG neurons project directly to the spinal 
cord (Mantyh and Peschanski, 1982; Mantyh, 1983; Skirboll et al., 1983), the 





The amygdala is another major source of afferents to the PAG (Aggleton, 1992), and 
there are reciprocal connections between these regions (Rizvi et al., 1991). Cortical 
afferents to the amygdala largely target its basolateral component. The basolateral 
amygdala then projects to the central nucleus, which in turn projects densely to the 
PAG (Rizvi et al., 1991). The central nucleus of the amygdala also receives nociceptive 
input, both directly from the spinal cord (Burstein and Potrebic, 1993; Gauriau and 
Bernard, 2004), and indirectly through a large projection from dorsal horn lamina I to 
the PB (Gauriau and Bernard, 2002). 
Activation of amygdala neurons produces analgesia that is mediated through PAG 
(Fields and Basbaum, 1999). Analgesia resulting from microinjection of opioid agonists 
into the amygdala is blocked by lidocaine (lignocaine) inactivation of, or opioid 
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antagonist injection into, the PAG (Helmstetter et al., 1998; Pavlovic et al., 1996). 
 
6.4 Descending Modulatory Mechanisms in Spinal Circuitry 
 
 The spinal terminals of RVM descending axons are most dense in dorsal horn laminae 
I, II (the substantia gelatinosa) and V. These laminae are targets of nociceptive primary 
afferents, and their constituent neurons respond maximally to noxious stimuli (Willis 
and Coggeshall, 1991). Furthermore, activation of the RVM by electrical stimulation 
can exert both inhibitory and excitatory effects on nociceptive neurons in these laminae 
(Willis, 1988b). 
 Microinjection of opioids into either the PAG or the RVM produces behavioural 
antinociception that is correlated with suppression of Fos staining in laminae I, II and V, 
comparable with that produced by systemic morphine (Gogas et al., 1991; Hammond et 
al., 1992). Furthermore, because opioids acting at supraspinal levels change RVM on- 
and off-cell activity, it is likely that these neurons contribute to the actions on dorsal 
horn neurons of supraspinal opioid actions. 
 
6.4.1 Direct Inhibition of Projection Neurons 
 
There are several possible circuits through which activation of RVM neurons could 
inhibit nociceptive transmission in the dorsal horn. One possibility is that brain stem 
neurons directly inhibit rostrally projecting nociceptive dorsal horn cells. In fact, 
electrical stimulation in the RVM produces a monosynaptic inhibitory postsynaptic 
potential in spinothalamic tract neurons (Willis, 1988b). Furthermore, because the 
RVM is the primary source of serotonin terminals in the dorsal horn, the demonstration 
that spinothalamic tract neurons receive a large serotonin input provides a substrate 
for direct postsynaptic control by brain stem neurons. 
 
6.4.2 Activation of Inhibitory Interneurons 
 
 There is a major subset of neurons in the superficial laminae of the dorsal horn that 
are excited by antinociceptive PAG stimulation (Millar and Williams, 1989). Many of the 
neurons in these laminae contain the inhibitory neurotransmitters GABA and glycine 
(Todd et al., 1996). Furthermore, glycine is released into the spinal cord dorsal horn by 
stimulation in the RVM that inhibits the firing of nociceptive neurons (Sorkin et al., 
1993). These results suggest that inhibitory amino acids that are released from dorsal 
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horn interneurons contribute to descending controls. 
 The vast majority of opioid terminals in the dorsal horn derive from local opioid 
interneurons (Hökfelt et al., 1979). Enkephalin terminals and cells are present in 
superficial dorsal  horn, as are dense concentrations of μ-opioid receptors (Akil et al., 
1997). Spinal application of opioids produces analgesia (Yaksh, 200), and opioid 
iontophoresis inhibits dorsal horn nociceptive neurons (Fleetwood-Walker et al., 1988). 
Intrathecal naloxone reduces the antinociceptive action of electrical stimulation of RVM 
(Aimone et al., 1987; Zorman et al., 1982) or supraspinal opioid administration (Levine 
et al., 1982). Furthermore, intrathecal administration of drugs that block 
enkephalin-degrading enzymes produces behavioural antinociception (Oshita et al., 
1990) and inhibits nociceptive dorsal horn neurons (Dickenson et al., 1987). 
 Activation of PAG neurons inhibits the response of sacral dorsal horn neurons to 
noxious heat, an effect that is blocked by local iontophoresis of μ -opioid 
receptor-selective antagonists (Budai and Fields, 1998). Activation of these same dorsal 
horn neurons by iontophoretically applied excitatory amino acids is not inhibited when 
the PAG is activated by bicuculline, indicating that the endogenous opioid effect is 
exerted either on the terminals of afferents to the recorded dorsal horn cells or on 
nearby excitatory interneurons. 
 
7. Hyperalgesia and Allodynia 
 
 The International Association for the Study of Pain (IASP) defined hyperalgesia as “an 
increased response to a stimulus which is normally painful,” and allodynia as “pain due 
to a stimulus that does not normally provoke pain.” Hyperalgesia has been further 
separated into primary and secondary hyperalgesia. Primary hyperalgesia occurs at the 
site of injury, and secondary hyperalgesia in adjacent, or sometimes remote, uninjured 
tissue. Primary hyperalgesia is reflected by a hypersensitivity to thermal and 
mechanical stimuli, and is driven largely by sensitization of peripheral nociceptors. 
Secondary hyperalgesia is predominantly characterized by hypersensitivity to 
mechanical stimuli, and likely involves central sensitization. Central sensitization 
refers to activity- or injury-dependent changes in the excitability of central nervous 
system (CNS) neurons, typically in pain pathways, and is reflected by increased 
spontaneous activity, reduced thresholds or increased responsiveness to afferent input, 
prolonged after-discharges to repeated stimulation, and the expansion of the peripheral 
receptive fields of central neurons (Woolf et al., 1988; Coderre et al., 1993).   
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Part 2: Neuronal Plasticity in the Amygdala 
Chapter 1 
 
Purpose of This Study 
 
 
 The central nucleus of the amygdala (CeA) receives predominantly nociceptive 
information from the pontine parabrachial area and the spinal dorsal horn through the 
spino-parabrachio-amygdaloid pain pathway. In several aminal models, including 
arthritic, neuropathic and inflammatory pain, neuronal excitability of the CeA neurons 
has been revealed to be enhanced. Although, such pain-related plastic changes in the 
CeA are thought to play a crucial role in the emotional aspect of persistent chronic pain, 
their underlying mechanism is not fully understood. Recent studies showed that the 
activation of extracellular signal-regulated kinase (ERK) contribute to pain-related 
behavior and synaptic facilitation in arthritic and inflammatory pain models. However, 
the involvement of ERK activation in the CeA to neuropathic pain is largely unknown. 
In this study, therefore, we intended to visualize the propagation patterns of neuronal 
excitation in the CeA by optical imaging with voltage-sensitive dye. We then tried to 
clarify the mechanism of long-term potentiation (LTP) in the CeA. Finally, we sought to 








2.1  Amygdala 
 
The amygdala, an almond-shaped structure located in the medial temporal lobe, was 
first identified by Burdach in the early 19th century. This structure plays a key role in 
emotionality, the emotional evaluation of sensory stimuli, emotional learning and 
memory, as well as affective disorders, including anxiety and depression. 
 
2.1.1 Anatomical Organization and Synaptic Connection 
 
 The amygdala is composed of several anatomically and functionally distinct nuclei that 
have extensive internuclear and intranuclear connections. Each of these nuclei has 
unique inputs and outputs. For example, the lateral nucleus (LA) is the major site 
receiving inputs from variety of sensory systems (visual, auditory, olfactory, taste and 
somatosensory).  On the other hand, the central nucleus (CeA) is believed to be an 
important output region, integrating inputs from other amygdala nuclei. 
 
2.1.2 Amygdala and Pain 
 
 It is clear now that the amygdala is a key structure in the central mechanism of pain. 
The amygdala receives nociceptive information through anatomically and functionally 
distinct pathways. Polymodal sensory, including nociceptive, information from the 
thalamus and cortical areas reach the lateral nucleus. Highly processed information is 
then transmitted to the CeA through BLA. In addition to these indirect inputs through 
LA and BLA, there are direct nociceptive inputs from the spinal cord and brainstem 
areas to the latero-capsular part of the CeA. Because vast majority of neurons in this 
area respond exclusively or preferentially to painful stimuli, the CeLC defined as the 
“nociceptive amygdala”. Accumulating evidences indicate that the CeA connects with 
forebrain, hypothalamus, and brainstem areas. Through these connections with brain 
areas involved in nociception and pain, fear anxiety, attention and cognition, autonomic 
function and stress responses, and endogenous pain control, CeA could plays a key role 




2.2  Synaptic Plasticity 
 
Synaptic plasticity is the activity-dependent modification of the strength or the efficacy 
of synaptic transmission at preexisting synapses, and has been proposed to play a 
crucial role in the capacity of the brain to convert transient experience into persistent 
memory traces. It has been described that there are many forms and mechanisms of 
synaptic plasticity in various brain regions. 
 
2.2.1 Long-Term Potentiation 
 
 In 1973, Bliss and colleagues reported that a train of high-frequency stimulation of 
presynaptic inputs induces long-lasting potentiation of synaptic transmission in the 
hippocampus of the rabbit brain, and this potentiation could last for hours or even days 
(Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973). They called this phenomenon 
long-term potentiation (LTP) because the elevation of the postsynaptic potential or 
current continued for a long time. LTP have generally been regarded as a cellular basis 
for learning and memory and widely used as a model for investigation of their basic 
mechanisms (Bliss and Collingridge, 1993; Martin et al., 2000). 
 The most extensively studied form of LTP is one which observed in the CA1 region of 
the hippocampus. We will therefore briefly explain their underlying mechanisms. 
Similar or identical forms of LTP have been found throughout the brain. 
 Like other many brain regions, CA1 region of the hippocampus uses glutamate as 
primary neurotransmitter. There two major types of ionotropic glutamate receptors 
contribute to the postsynaptic responses; α -amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid (AMPA) receptors and N-methyl-D-aspartate (NMDA) receptors. AMPA 
and NMDA receptors are colocalized at many synapses. The AMPA receptor has a 
channel that is permeable to Na+ and K+, and activation of this receptor generates the 
excitatory synaptic response when the cell is close to its resting membrane potential. In 
contrast to AMPA receptors, the NMDA receptor exhibits a strong voltage dependence 
because of the block of its channel at negative membrane potential by extracellular 
Mg2+ (Mayer et al., 1984; Nowak et al., 1984). As a result, NMDA receptors contribute 
little to the postsynaptic response during basal synaptic activity. 
 When high-frequency tetanic stimulation is applied, the cell is depolarized by the 
abundant inward current from AMPA receptors and Mg2+ dissociates from its binding 
site within the NMDA receptor channel, allowing ions to enter the cell. Importantly, 
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unlike AMPA receptor channels, the NMDA receptor channel allows Ca2+ as well as Na+ 
to enter the postsynaptic cell. If an increase in postsynaptic Ca2+ concentration reaches 
some critical threshold value, biochemical process necessary for LTP will be activated 
(Malenka, 1991; Malenka and Nicoll, 1993). 
 There are an extensive number of intracellular signal transduction molecules and 
cascades that have been suggested to play a role in translating the Ca2+ signal into the 
long-lasting increase in synaptic strength (Malemka and Bear, 2004; Senes and 
Lichtman, 1999). Strong evidence indicates that calcium/calmodulin-dependent protein 
kinase II (CaMKII) is a key component of the molecular machinery for LTP (Barria et al., 
1997; Fukunaga et al., 1995). Several other protein kinases have also been implicated in 
playing key role in LTP (Lynch, 2004). Activation of the cyclic adenosine 
monophosphate(c-AMP)-dependent protein kinase (PKA) is required for LTP (Yasuda et 
al., 2003). The extracellular signal-regulated kinase (ERK)/mitogen-activated protein 
kinase (MAPK) pathway has also been suggested to be important for LTP, as well as 
some forms of learning and memory (Sweatt, 2004; Thomas and Huganir, 2004). 
 The major mechanism for the expression of LTP at hippocampal CA1 synapses involves 
an increase in the number of AMPA receptors in the plasma membrane via 
activity-dependent changes in AMPA receptor trafficking (Bredt and Nicoll, 2003; 
Derkach et al., 2007; Malenka and Nicoll, 1999; Malinow and Malenka, 2002; Song and 
Huganir, 2002). In addition, another component of LTP involves modification of the 
biophysical properties of AMPA receptors themselves through their direct 
phosphorylation by protein kinases such as CaMKII or PKA (Benke et al., 1998; Lee et 
al., 2003; Malenka and Nicoll, 1999; Soderling and Derkach, 2000). However, the 
detailed molecular mechanisms by which activation of protein kinases lead to the 
synaptic delivery of AMPA receptors remains to be determined. 
 Although much of the work on LTP has focused on the mechanism responsible for the 
initial increase lasting 30-60 min, the mechanisms that allow LTP to persist for hours, 
days, or even longer are of great importance. It is well established that, like all 
long-lasting cell biological phenomena, the persistence of LTP is dependent upon new 
protein synthesis and gene transcription (Abraham and Williams, 2003; Lynch, 2004; 
Pittenger and Kandel, 2003; Reymann and Frey, 2007; Zhou et al, 2006). Signaling 
molecules that are thought to link the activity that induces LTP to the nucleus include 
PKA, CaMKIV, and ERK-MAPK, which activate the key transcription factor cAMP 
response elment-binding protein (CREB) and immediate-early genes such as c-Fos 




2.2.2 LTP in the Amygdala 
 
 Several lines of evidence have suggested that LTP in the LA is a potential mechanism 
by which fear memories are formed and stored in the amygdala (Maren, 1999; Blair et 
al., 2001; Schafe et al., 2001). Sensory information reaches the LA by two main 
glutamatergic pathways originating in sensory thalamus and cortex (Ledoux, 2000). 
The induction and expression of LTP at thalamo-LA synapses is mediated by Ca2+ influx 
through postsynaptic NMDA receptors eventually leading to the recruitment of new 
AMPA receptors to the postsynaptic membrane (Bauer et al., 2002; Humeau et al., 2005, 
2007; Rumpel et al., 2005). On the other hand, LTP at cortico-LA synapses is mediated 
by contrasting mechanisms. Pairing of presynaptic stimulation with postsynaptic 
depolarization triggers LTP that is induced postsynaptically and may involve both pre- 
and postsynaptic expression mechanisms, such as an increase in glutamate release and 
the recruitment of postsynaptic AMPA receptors (Huang and Kandel, 1998; Humeau et 
al., 2003, 2005, 2007; Tsvetkov et al., 2002). 
 Additionally, LTP could be induced in the CeA. For example, LTP at the BLA-CeA 
synapses has been reported to be independent of inhibition and mediated through 
NMDA receptors and L-type voltage-gated Ca2+ channels (VGCC), while LTP in the 
LA-CeA pathway was gated by inhibition and mediated through VGCCs but not NMDA 
receptors (Fu and Shinnick-Gallagher, 2005). 
Recent study has shown that tetanic stimulation of PB inputs to the CeLC lead to 
input-specific LTP of these inputs (López de Armentia and Sah, 2007). This LTP does 
not require activation of NMDA receptors, or rise in postsynaptic calcium, indicating 
that LTP at these inputs is due to a change in transmitter release probability. They also 
described that this LTP results from presynaptic activation of adenylyl cyclase, the 
generation of cAMP and the activation of PKA. 
 
2.3  Neuropathic Pain 
 
 Neuropathic pain often caused by injuries of the nervous system, including peripheral 
and central nervous system (PNS and CNS respectively). These injuries may result 
from spinal cord injury, diabetic neuropathy, viral infection, major surgeries (e.g. 
amputation, thoractomy), and stroke (Ji and Strichartz, 2004; Kehlet et al., 2006; Woolf 
and Mannion, 1999). Among different forms of persistent pain, neuropathic pain is quite 
difficult to manage and characterized by spontaneous pain, mechanical allodynia 
(painful responses to normally innocuous tactile stimuli), lancinating or burning pain, 
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heat hyperalgesia mechanical hyperalgesia. Neuropathic pain is a consequence of 
neural plasticity, developed both in the PNS (peripheral sensitization) and CNS (central 
sensitization). Central sensitization is responsible for persistent neuropathic pain and 
induced by enhanced synaptic strength in the spinal cord and brain regions, due to an 
increase in excitatory synaptic transmission (e.g. AMPA and NMDA current) or/and a 
reduction in inhibitory synaptic transmission (e.g. GABA current) (Woolf and Salter, 
2000; Ji et al., 2003; Coull et al., 2003).  
 
2.4  Optical Imaging 
 
An optical measurement of brain activity using a molecular probe can be very useful in 
a variety of experimental conditions. One apparent advantage of this method is the 
possibility of simultaneous measurements from multiple sites at high temporal 
resolutions. This is especially important for the study of the region where many cells are 
simultaneously active such as nervous system and heart. Additionally, optical imaging 




2.5  Optical Imaging with Dyes 
 
The first optical recording of neuronal activity from preparation stained with an 
extrinsic voltage-sensitive dye was reported in 1968 (Cohen et al., 1968; Tasaki et al., 
1968). Since then the optical imaging with voltage-sensitive dyes has been used in vitro 
on slices of various brain regions including the hippocampus, the visual cortex, the 
somatosensory cortex and the auditory cortex.  
The dye molecules bind to the external surface of membranes and act as molecular 
transducers that transform changes in membrane potential into optical signals. The 
resulting changes in the absorption or the fluorescence occur in microseconds and 
linearly correlate with the electrical activity of the stained neurons. These changes are 
then monitored with light measuring instrumentation. By using an array of 
photodetectors, the activity of many individual targets can be detected simultaneously. 
Optical imaging with voltage-sensitive dyes offers the possibility to visualize, in the real 
time, the cortical activity of large neuronal populations with high spatial resolution 






Material and Methods 
 
3.1  Preparation 
 
All experiments were conducted in accordance with the Guidelines for Animal 
Experiments of the University of Fukui. Wister rats (20–30 days old) were 
anaesthetized using diethyl ether and then rapidly decapitated. The brains were 
removed and transferred to an ice-cold aerated solution (95% O2 and 5% CO2) 
containing: 222 mM sucrose, 2.6 mM KCl, 27 mM NaHCO3, 1.5 mM NaH2PO4, 0.5 mM 
CaCl2, 7 mM MgSO4, and 0.1 mM ascorbic acid. Coronal slices (400 µm) were cut using a 
vibratome. 
 
3.2  Optical Imaging with a Voltage-sensitive Dye 
 
Each slice was stained in a bath filled with the voltage-sensitive absorption dye 
RH-482 (0.1 mg/ml, 20 min) and set in a submersion-type chamber (0.2 ml) on an 
inverted microscope (IMT, Olympus, Tokyo) equipped with a 150-W halogen lamp. Slices 
were perfused with Ringer‟s solution containing: 124 mM NaCl, 5 mM KCl, 1.2 mM 
KH2PO4, 1.3 mM MgSO4, 2.4 mM CaCl2, 26 mM NaHCO3, 0.2 mM thiourea, 0.2 mM 
ascorbic acid, and 10 mM glucose (oxygenated with 95% O2 and 5% CO2) at room 
temperature (23 ± 2C). The GABAA receptor antagonist picrotoxin (100 µM) was added 
to the perfusion solution. The CeA was identified visually. The light absorption change, 
at a wavelength of 700  32 nm, in a 0.83 mm2 area was recorded using an imaging 
system (Deltalon 1700, Fuji Film Co., Tokyo) with 128 × 128 pixel photo sensors at a 
frame rate of 0.6 ms. 
A bipolar tungsten electrode was positioned under microscopic control on the fibers 
dorsomedial to the CeA to stimulate afferents from the PB (Bernard et al., 1993; 
Neugebauer et al., 2003), and electrical stimuli were delivered with a current pulse of 
0.1–0.3 mA and a duration of 0.1 ms. Eight single pulses were given at a constant 
interval of 15 s. Starting 10 ms before each stimulus, the image sensor took 128 
consecutive frames of light-absorption images at a sampling interval of 0.6 ms. A 
reference frame taken immediately before each series of 64 frames was subtracted from 
the subsequent frames. We averaged 16 series of difference images and they were stored 
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in the system memory. The initial frame was determined by averaging the first 15 
frames of the difference image and then subtracting this average from each of the 64 
frames of the image data on a pixel-by-pixel basis to eliminate the effects of noise 
contained in the reference frame. The ratio image was then calculated by dividing the 
image data by the reference frame. 
 
3.3  Neuropathic Pain Model 
 
 Under diethyl ether anesthesia, the rat was placed in a prone position and a 
longitudinal incision is made at the lower lumbar and sacral levels, exposing the 
paraspinal muscles on the left. The paraspinal muscles are isolated and removed, from 
the level of the L5 spinous process to the sacrum. The L6 transverse process was 
carefully removed to identify visually the L4 and L5 spinal nerves. The left L5 spinal 
nerve was isolated and tightly ligated with 6-0 silk threads. After surgery, the muscles 
were sutured in layers, and the skin was closed using 4-0 silk threads (Kim and Chung, 
1992; Chung et al., 2004). 
 
3.4  Behavioral analysis 
 
 To quantify mechanical sensitivity of the foot, the occurrence of foot withdrawal in 
response to normally innocuous mechanical stimuli was measured. Mechanical stimuli 
were applied with von Frey filaments of different rigidities. The rat was placed on a 
metal mesh floor and a von Frey filament was applied manually from underneath the 
metal mesh floor to the plantar surface of the foot. The 50% threshold was estimated by 
the up and down method (Chaplan et al., 1994). 
 
3.5  Immunohistochemistry 
 
 After operation, rats were deeply anesthetized with 2.5% Avertin anesthesia and then 
perfused transcardially with PBS, followed by ice-cold 4% paraformaldehyde (PFA) 
solution in 0.1 M phosphate buffer (PB), pH 7.4. After perfusion, the brain was dissected 
and postfixed in 4% PFA overnight at 4℃, followed by cryoprotection in 20% sucrose at 
4℃. Coronal sections (free-floating, 40m) were obtained using a freezing sliding 
microtome and processed for immunofluorescence. Sections were rinsed in PBS, then 
blocked in 1% normal goat serum with 0.02% Triton X-100 for 1 hour. Sections were 
incubated overnight at 4℃ with a mixture of anti-phospho-p44/42 ERK antibody (1: 400 
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in 1% NGST) and NeuN (neuronal marker, 1:500). Sections were then rinsed in PBS, 
and incubated with a mixture of goat anti-rabbit Alexa 568-conjugated secondary 
antibody (1: 500) and goat anti-mouse Alexa 488-conjugated secondary antibody (1: 500) 
in NGST for 1 hour at room temperature. The stained sections ware examined with a 
fluorescence microscope and, images were captured with a camera. 
 
3.6  Statistical Analysis 
 
Results are expressed as the mean ± SE. The Student‟s paired t-test was used to detect 





Long-Term Potentiation of Neuronal Excitation in the Central 
Nucleus of the Rat Amygdala Revealed by Imaging with a 
Voltage-Sensitive Dye 
 
4.1  Abstract 
 
We examined the propagation pattern of neuronal excitation in slices from the central 
nucleus of the rat amygdala (CeA) using optical imaging with a voltage-sensitive dye. 
We analyzed the mechanisms for the long-term potentiation (LTP) of neuronal 
excitation induced by conditioning stimulation. High-frequency conditioning 
stimulation induced NMDA receptor-, cAMP-, and PKA-dependent LTP of neuronal 
excitation in the lateral part of the CeA. The bath application of forskolin also induced 
LTP that was PKA-dependent. These results suggest that the potentiation of neuronal 
excitation in the lateral part of the CeA is induced by the activation of intracellular 
cAMP/PKA signaling, which is triggered by the influx of Ca2+ via NMDA receptors. 
 
4.2  Background 
 
Optical imaging with voltage-sensitive dyes permits the simultaneous monitoring of a 
large number of neurons with a high spatiotemporal resolution. This approach can 
simultaneously map neuronal excitation from multiple brain regions and generates 
unprecedented information regarding the spatiotemporal propagation patterns of 
neuronal excitation within a neuronal network (Ebner and Chen, 1995; Ikeda and 
Murase, 2004; Ikeda et al., 2007). 
Although many studies have reported the propagation pattern of neuronal excitation 
using optical imaging in various brain regions and the spinal cord (Ebner and Chen, 
1995; Ikeda and Murase, 2004; Ikeda et al., 2007), there are only few studies describing 
the use of optical imaging in the amygdala (Kajiwara et al., 2003; Kajiwara et al., 2007; 
Onimaru and Homma, 2007; Wang et al., 2001). 
The central nucleus of the amygdala (CeA), especially the lateral part of the CeA, 
receives purely nociceptive information through the spino-parabrachio-amygdaloid 
(PB-CeA) pain pathway, which connects the pontine parabrachial area and the spinal 
cord (Buritova et al., 1998; Jasmin et al., 1997). The major output of the lateral part of 
the CeA is to the substantia innominata dorsalis (Bourgeais et al., 2001). There are no 
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reports describing the propagation pattern of neuronal excitation in the CeA evoked by 
the electrical stimulation of afferents from the PB, i.e., the nociception-specific pathway 
to the amygdala. 
The synaptic plasticity of the amygdala, especially the lateral amygdala, is a well 
known mechanism for emotional memory or conditioned fear learning (Sigurdsson et al. 
2007). However, the synaptic plasticity in the CeA induced by conditioning stimulation 
to the PB-CeA pathway has not been well characterized. 
Therefore, in this study, we revealed the propagation pattern of neuronal excitation in 
the CeA evoked by single-pulse stimulation, and examined the mechanisms for the 
long-term potentiation (LTP) of neuronal excitation by conditioning stimulation in brain 
slices using optical imaging with a voltage-sensitive dye. 
 
4.3  Results 
 
4.3.1  The Optical Response in the CeA 
 
Figure 2.1 shows a representative optical response in the CeA evoked by single-pulse 
stimulation of the fiber tract dorsomedial to the CeA. The optical response was initially 
evoked in the medial part of the CeA and then propagated to the lateral area via the 
ventral part of the CeA. The optical response was gradually increased by 
higher-intensity stimulation until the peak response at 500 A (Fig. 2.1C). The optical 
response represented the sum of cellular activity occurring at the pre- and postsynaptic 
elements, and also an artifact caused by the stimulation (Ikeda and Murase, 2004). By 
perfusing the slice with a Ca2+-free solution that blocks synaptic transmission, or by 
perfusion with a solution containing a non-NMDA glutamate receptor antagonist, 
6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX, 10 M), the optical response in the CeA 
was induced only around the stimulation electrode and the propagation of the response 
disappeared (Fig. 2.2A, B, E). The application of an NMDA-receptor antagonist, 
D-2-amino-5-phosphonovaleric acid (D-AP5, 50 M), did not show any effect on the 
optical response (Fig. 2.2C, E). Perfusion with a solution containing D-AP5 and CNQX 
also completely inhibited the optical response (Fig. 2.2D, E). 
 
4.3.2  The Potentiation of Neuronal Excitation by High-Frequency 
Conditioning Stimulation 
 
We examined whether repetitive high-frequency conditioning stimulation to the 
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dorsomedial area of the CeA (HFS, at 100 Hz for 1 s, 5 times in 1 min intervals, i.e., the 
same stimulation intensity as for the baseline recording) induced LTP of the optically 
recorded neuronal excitation in the CeA. As shown in Fig. 2.3, HFS induced the 
potentiation of optically-recorded neuronal excitation in the CeA evoked by single-pulse 
stimulation to the dorsomedial area of the CeA. The potentiation was maintained for 
the duration of the recording period (for up to one hour). The potentiation was more 
significant in the lateral area of the CeA, the nociceptive amygdala, in comparison with 
the medial area. The averaged facilitated response at 1 hour after HFS was 141.9  6% 
(n=6, p = 0.002) of the baseline response in the lateral area of the CeA and 115.9  4% 
(n=6, p = 0.013) in the medial area. According to these results, we analyzed the optical 
response obtained from the lateral area of the CeA in all of the following experiments. 
 
4.3.3  The Contribution of NMDA Receptors to the LTP of Neuronal 
Excitation 
 
As NMDA receptor activation is required for the induction of LTP (Sigurdsson et al., 
2007), we examined whether the LTP required the activation of NMDA receptors. The 
bath application of D-AP5 (50 M) for 20 min prior to and during HFS did not have an 
effect on the initial potentiation (within 10 min after HFS, p = 0.193 at 10 min after 
HFS compared to LTP without D-AP5), but inhibited the later potentiation (99.5  3%, n 
= 4, p < 0.01; Fig. 2.4, 2.5D). 
 
4.3.4  The Contribution of PKA to the LTP of Neuronal Excitation 
 
As cAMP-dependent protein kinase A (PKA) is an important signaling system for the 
maintenance of several forms of LTP (Nguyen and Woo, 2003), we examined the 
contribution of PKA-related cascades to the LTP in the CeA. Although the PKA inhibitor 
KT5720 (1 M) did not affect the baseline amplitude of neuronal excitation that was 
measured before the application of HFS, the LTP of neuronal excitation by HFS was 
completely inhibited in the presence of KT5720 (111.1  5%, n = 4, p < 0.05; Fig. 2.5A, D). 
However, when KT5720 was applied 30 min after HFS, the LTP was intact (148.9  10%, 
n = 4; Fig. 2.5B, D). This result suggests that PKA is not necessary for the maintenance 
of the LTP. Protein synthesis is a downstream event of PKA-related LTP (Morozov et al., 
2003); however, the protein synthesis inhibitor anisomycin (30 µM) did not inhibit LTP 
(142.6  7%, n = 4; Fig. 2.5C, D). To further examine the possible role of PKA, we 
investigated whether bath application of the adenylyl cyclase activator forskolin, which 
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enhances the level of endogenous cAMP (Seamon and Daly, 1986), induced the 
potentiation of neuronal excitation in the CeA. The bath application of forskolin (5 M) 
for 5 min facilitated neuronal excitation in the lateral area of the CeA. The potentiation 
was 142.4 ± 2% at 3 h after the application of forskolin (n = 5; Fig. 2.6A). 
We then examined the effect of two PKA inhibitors (H89 and KT5720) on the 
forskolin-induced potentiation. Neither H89 (10 µM) nor KT5720 (1 µM) affected the 
amplitude of neuronal excitation when applied alone. Although there was not a 
significant difference, the forskolin-induced potentiation was also inhibited in the 
presence of H89 and KT5720 (control: 142.4 ± 2%; H89: 109.6  6%, p < 0.06, Fig. 2.6B; 
KT5720: 106.5  7%, p < 0.07, Fig. 2.6C; n = 5 for each group, at 3 h after the application 
of forskolin). The forskolin-induced potentiation was not inhibited by anisomycin (30 
M) (149.3  3%, n = 5; Fig. 2.6D). The HFS potentiation was not induced after the 
induction of potentiation by forskolin (88.4  11%, n = 4; Fig. 2.6E), suggesting that 






Single-pulse stimulation elicited optical responses in the CeA. A, Optical responses in 
the CeA before (top row) and after the removal of Ca2+ from the perfusate (bottom row). 
The time after the single-pulse stimulation is indicated at the bottom of each image. B, 
The traces show the spatially averaged time course of optical responses obtained from 
the area indicated by a filled black square in the photo of the recording area before (thin 
line) and after the removal of Ca2+ from the perfusate (thick line). The arrowhead 
indicates the time when the stimulation was applied. C, The relationship between 





Fig. 2.2.  
The effect of glutamate receptor antagonists and the removal of Ca2+ from the perfusate 
on gross neuronal excitation in the CeA. Spatially averaged time courses of optical 
responses in the CeA measured from a slice bathed in control solution (thin lines), 
Ca2+-free solution (thick line in A), CNQX (10 μM)-containing solution (thick line in B), 
D-AP5 (50 μM)-containing solution (thick line in C), and D-AP5 & CNQX-containing 
solution (thick line in D). E, Summary of the effect of glutamate receptor antagonists 
and the removal of Ca2+ from the perfusate on the optical response. Each bar shows 
averaged peak amplitude of optical responses normalized to predrug control. n = 4 in 





Fig. 2.3.  
Potentiation of gross neuronal excitation in the CeA after HFS. A, Single pulse 
stimulation elicited optical responses in the CeA before (top row) and 1 h after (bottom 
row) HFS. The time after the single-pulse stimulation is indicated at the bottom of each 
image. B, Spatially averaged time courses of responses obtained from two different 
areas in the CeA (filled black squares) before (thin lines) and 1 h after (thick lines) HFS. 
C, Time courses of HFS-induced potentiation of the optical responses obtained from the 
lateral (filled circles) and medial (open circles) areas of the CeA. Each magnitude shows 
the averaged peak optical responses normalized to control values before HFS. *p < 0.05, 






Fig. 2.4.  
HFS-induced potentiation in the CeA requires the activation of NMDA receptors. 
NMDA receptor antagonist D-AP5 (50 μM) blocked the HFS-induced potentiation of 
optically-recorded neuronal excitation. Representative time courses of the optical 
responses before (thin lines) and 1 h after (thick lines) HFS obtained from the lateral 






Fig. 2.5.  
HFS-induced potentiation in the CeA requires the activation of PKA, but not protein 
synthesis. A, B, The PKA inhibitor KT5720 (1 μM) blocked the potentiation induced by 
HFS when its application overlapped with HFS (KT5720, Early; A), but had no effect 
when applied 30 min after HFS (KT5720, Late; B). C, The protein synthesis inhibitor 
anisomycin (30 μM) had no effect on potentiation. Representative time courses of the 
optical responses before (thin lines) and 1 h after (thick lines) HFS in each group are 
shown in the insets. *p < 0.05, **p < 0.01(compared with the baseline response before 
HFS). D, Summary of the effect of KT5720 and anisomycin on the potentiation at 1 h 
after HFS. Each bar shows averaged peak amplitude of optical responses normalized to 
baseline response before HFS. *p < 0.05(compared with no inhibitor). All data were 





Fig. 2.6.  
Forskolin-induced potentiation of the optical responses in the CeA. A, Bath application 
of forskolin (5 μM) induced the potentiation of optically recorded neuronal excitation in 
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the CeA. Representative time courses of the optical responses before (thin line) and 3 h 
after (thick line) forskolin application are shown in the insets. B, C, In the presence of 
the PKA inhibitor H-89 (10 μM) (B) or KT5720 (1 μM) (C), the potentiation induced by 
forskolin was reduced (open circles). Although there was a significant difference 
compared with the baseline response before forskolin application, there was not a 
significant difference compared with the amplitude of LTP in the control (filled circles). 
D, In the presence of the protein synthesis inhibitor anisomycin (30 μM), forskolin still 
induced potentiation (open circles). There was not a significant difference compared 
with control (filled circles). E, forskolin-induced potentiation occluded the subsequent 
HFS-induced potentiation. At 40 min after the application of forskolin the stimulation 
intensity was reduced to the amplitude of the baseline response before the application of 
forskolin. HFS was then applied and failed to induce potentiation. All data were 
obtained from the lateral area of the CeA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, *****p < 0.00001 (compared with the baseline response before forskolin 




4.4  Discussion 
 
In this study, by using optical imaging with a voltage-sensitive dye, we revealed the 
propagation pattern of neuronal excitation in the CeA evoked by single-pulse 
stimulation of the fiber tract dorsomedial to the CeA. The propagation of neuronal 
excitation was strongly inhibited in a Ca2+-free solution and by a non-NMDA receptor 
antagonist. HFS induced the NMDA receptor-, cAMP-, and PKA-dependent LTP of 
neuronal excitation, especially in the lateral part of the CeA. The bath application of 
forskolin also induced LTP that was PKA-dependent. 
 
4.4.1  The Optical Response in the CeA Evoked by Single-Pulse 
Stimulation 
 
The optical response represented the sum of cellular activity occurring at the pre- and 
postsynaptic elements, and also an artifact from stimulation (Ikeda and Murase, 2004). 
In this study, the neuronal excitation in the CeA was strongly inhibited by a Ca2+-free 
solution and also by a non-NMDA receptor antagonist. These results suggest that the 
optical response mainly represents the postsynaptic elements of neuronal excitation 
and that the activation of non-NMDA receptors by glutamate release is largely 
responsible for the propagation of neuronal excitation. The strongest excitation was 
induced in the lateral part of the CeA, which is thought to play an important role in 
nociceptive processing (Bernard et al., 1992; Neugebauer and Li, 2002). Each of the 
divisions of the CeA has heavy intradivisional projections along the rostrocaudal and 
mediolateral axes. In addition, there is extensive interdivisional connectivity: the 
capsular division projects to the medial division; the lateral division projects to the 
capsular and medial divisions; and the medial division projects back to the capsular 
division (Pitkänen et al., 1997). The optical response recorded in this study indicates 
that the neuronal excitation in the CeA is propagated by these local networks within the 
CeA. 
 
4.4.2 The Contribution of the cAMP/PKA Signaling Cascade on the 
Potentiation of Neuronal Excitation in the CeA  
 
In this study, the optical response in the CeA, especially in the lateral part, induced by 
single-pulse stimulation was facilitated by HFS for at least two hours, and this 
potentiation was cAMP- and PKA-dependent; indeed, the cAMP/PKA signaling cascade 
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generates LTP in many regions of the central nervous system (Harnett et al., 2009; 
Nguyen and Woo, 2003). 
It is well known that many neurons located in the CeA are GABAergic inhibitory 
neurons (Delaney and Sah, 2001; Marowsky et al., 2004); however; the technique used 
in this study cannot identify inhibitory neurons. Therefore, we cannot conclude whether 
the potentiation of neuronal excitation measured by our technique represents the 
potentiation of excitatory or inhibitory neurons. 
The cAMP/PKA signaling cascade is principally activated by two mechanisms. The 
first mechanism is the synthesis of cAMP by activated adenylyl cyclase, which is 
triggered by the intracellular influx of Ca2+ (Chetkovich et al., 1991; Eliot et al., 1989). 
The second mechanism is the synthesis of cAMP by activated adenylyl cyclase, which is 
triggered by G-protein coupled receptors (Monsma et al., 1990; Tang and Gilman, 1991). 
In this study, we did not examine the contribution of G-protein coupled receptors; 
however, the bath application of the adenylyl cyclase activator forskolin induced the 
potentiation of neuronal excitation in the CeA. HFS failed to induce potentiation in the 
presence of the NMDA receptor antagonist D-AP5. Therefore, the synthesis of cAMP by 
activated adenylyl cyclase, which is triggered by the intracellular influx of Ca2+ via 
NMDA receptors, may be necessary for the activation of PKA. 
 
4.4.3 Comparison with Previous Studies  
 
A large number of studies describe LTP induced by electrical conditioning stimulation 
of the amygdala (Fu and Shinnick-Gallagher, 2005; Rodríguez Manzanares et al., 2005; 
Sigurdsson et al., 2007). Repetitive stimulation of cortical and thalamic afferents 
induces long-term plasticity in the lateral nucleus of the amygdala (LA) in vivo (Doyere 
et al., 2003) and in vitro (Chapman et al., 2003). The cortical afferents also generate 
LTP in the basolateral nucleus of the amygdala (BLA) (Aroniadou-Anderjaska et al. 
2001; Chapman et al. 2003). In contrast to these subnuclei in the amygdala, a limited 
number of studies have assessed LTP in the CeA. The application of HFS to the LA 
induces LTP in the CeA in the presence of picrotoxin and this LTP is mediated through 
voltage-gated Ca2+ channels (VGCCs), but not NMDA receptors (Fu and 
Shinnick-Gallagher, 2005) The application of HFS to the BLA induces LTP in the CeA 
that is mediated through NMDA receptors and VGCCs (Fu and Shinnick-Gallagher, 
2005). To the best of our knowledge there is only one previous report that examined the 
LTP at the parabrachio-CeA synapse induced by electrical conditioning stimulation 
(López de Armentia and Sah, 2007). The study reported that LTP in the CeA did not 
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require the activation of NMDA receptors or a rise in postsynaptic calcium, and was 
accompanied by a reduction in the paired-pulse ratio, indicating that presynaptic 
mechanisms contributed to the induction of LTP. 
In this study, the initial part of potentiation was NMDA-receptor-independent. López 
de Armentia et al. detected LTP within 30 min after HFS; therefore, the fast LTP in the 
CeA may be induced by NMDA-independent and presynaptic mechanisms. However, the 
later LTP may be induced by NMDA-receptor-dependent mechanisms. It is necessary to 
carefully examine the contribution of presynaptic mechanisms to the induction of LTP 
at the parabrachio-CeA synapse. 
 
4.4.4 The Downstream Cascade of PKA Activation 
 
PKA plays an important role in signaling to the nucleus to initiate the synthesis of 
plasticity-related proteins (Morozov et al., 2003). Therefore, in this study, we examined 
the contribution of protein synthesis to potentiation by using a protein synthesis 
inhibitor; however, protein synthesis did not contribute to potentiation. Further 
investigations are necessary to determine the contribution of the other downstream 
mechanisms of cAMP/PKA signaling such as the phosphorylation and trafficking of 
glutamate receptors (Carroll et al., 2001; Song and Huganir, 2002). 
 
4.4.5 The Contribution of Neuronal Potentiation in the CeA to Persistent 
Pain  
 
In the rat model for arthritis pain, PKA contributes to the pain-related synaptic 
potentiation in the CeA and pain-related behavior (Bird et al., 2005; Fu et al., 2008; Fu 
and Neugebauer, 2008; Han et al., 2005; Ji and Neugebauer, 2008; Ji et al., 2009). 
The potentiation of CeA neurons in arthritis is maintained by postsynaptic NMDA 
receptor phosphorylation through PKA (Bird et al., 2005; Fu et al., 2008; Ji et al., 2009). 
PKA is activated through postsynaptic calcitonin gene-related peptide receptors (Han et 
al., 2005) and corticotrophin-releasing factor receptors (Fu and Neugebauer, 2008; Ji 
and Neugebauer, 2008). Metabotropic glutamate receptors also contribute to 
potentiation (Han et al., 2004, 2006; Han and Neugebauer, 2005; Li and Neugebauer, 
2006; Neugebauer et al., 2003; Palazzo et al., 2008). 
Although the cellular mechanisms are not clear, the potentiation of neuronal 
excitability in the CeA is also observed in neuropathic pain rats (Ikeda et al., 2007) and 
visceral pain rats (Han and Neugebauer, 2004). Further study of the induction 
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mechanisms for potentiation in CeA neurons by HFS may lead to the initiation of 






Activation of Extracellular Signal-Regulated Kinase and Its 
Contribution to Pain-Related Synaptic Plasticity in the Central 




Neurons in the central nucleus of the amygdala (CeA) have been shown to be changed 
by several conditions. Application of HFS has been reported to induce long-term 
potentiation (LTP) in the CeA. Moreover, in arthritic and inflammatory pain model, the 
neuronal excitability of the CeA neurons was enhanced and activation of ERK has been 
implicated in such pain-related plastic changes. However, the contribution of ERK to 
LTP in the CeA and neuropathic pain is unclear. In this study, we analyzed the 
involvement of ERK activation in the LTP of neuronal excitation in the CeA and found 
that the ERK inhibitor did not block the LTP. We also observed that the activation of 
ERK was not significantly increased by nerve ligation. Furthermore, we found that 
ERK has little or no effect on the neuronal excitation in the CeA of neuropathic pain 
model. Altogether, our results suggest that ERK activation may not be important for the 
LTP and nerve ligation-induced plastic changes in the CeA. 
 
5.2  Background 
 
Recent studies have consistently indicated that ERK signaling cascade plays an 
important role in activity-dependent plastic changes in the central nervous system 
(CNS) and may contribute to the molecular mechanisms underlying learning, memory 
and persistent pain. In the amygdala, ERK have been shown to modulate synaptic 
plasticity and amygdala-dependent behavior (Schafe et al., 2000; Lu et al., 2001; Thiels 
and Klann, 2001; Duvarci et al., 2005; Lu et al., 2005). Although several studies have 
shown that the ERK activation is required for LTP in the LA, contribution of ERK 
activation to LTP in the CeA remained to be determined. 
Enhancement of neuronal excitability in the CeA neurons have been described in 
models of arthritic (Neugebauer et al., 2003), visceral (Han and Neugebauer, 2004), 
neuropathic (Ikeda et al., 2007) and inflammatory (Adedoyin et al., 2010) pain. In 
addition, activation of ERK in the CeA of mice has been shown to be necessary for the 
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mechanical hypersensitivity in the formalin-induced inflammatory pain model. They 
also found that activation of ERK in the amygdala induces pain-like behavior in the 
absence of any peripheral injury. Furthermore, in the arthritic pain model, enhanced 
synaptic transmission and pain-related behavior were inhibited by ERK inhibitor. 
However, little is known about the possible involvement of ERK in the CeA of nerve 
ligation-induced neuropathic pain model.  
To address these issues, we first examine the contribution of ERK activation to the 
LTP in the CeA. Then we investigated the ERK activation following nerve ligation and 
its effect on neuronal excitation in the CeA. 
 
5.3  Results 
 
5.3.1  The Contribution of ERK to the LTP of Neuronal Excitation 
 
 As ERK activation is required for LTP in the LA (Schafe GE et al., 2000, 2008), we 
examined whether the LTP in the CeA required the activation of ERK. The bath 
application of ERK inhibitor PD98059 (50M) did not have an effect on the baseline 
amplitude of neuronal excitation and did not inhibit LTP (132.8  10%, n = 3; Fig.2.7). 
 
5.3.2 Spinal Nerve Ligation-Induced Tactile Allodynia 
 
The paw withdrawal threshold was measured using von Frey filaments before and 1, 3, 
6, 12 hours, 1, 3, 5, 7 days after operation. Both neuropathic (SNL group) and 
sham-control (Sham group) rats presented a similar baseline withdrawal threshold 
before the operation (SNL: ipsilateral 11.4±0.7g, contralateral 11.9±1.2g; Sham: 
ipsilateral 13.5±1.5g, contralateral 13.3±1.0g, Fig.2.8). The paw withdrawal threshold 
of the left hindlimb ipsilateral to the ligation decreased significantly within 1 hour after 
operation and remained constant until the end of the 7 days experimental period. Such 
a decrease was not observed in the contralateral (right) hindlimb in the SNL group and 
in the both hindlimbs in Sham group. These data confirm successful induction of 
neuropathic pain in the ligated rats (neuropathic pain group) but not in the 
sham-operated rats. 
 
5.3.3 Activation of ERK in the CeA After Spinal Nerve Ligation 
 
 Phosphorylation of ERK has been extensively used as an indicator of ERK activation 
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(English and Sweatt, 1996; Ji et al., 1999; Karim et al., 2001). Previous work has 
demonstrated that intraplantar folmalin injection induced an activation of ERK in the 
CeA (Carrasquillo and Gereau, 2007). To determine whether ERK activation is also 
occurring in the CeA following nerve ligation, we performed immunohistochemical 
experiments. We found a moderate increase in pERK at 3 hours after nerve ligation, but 
this difference did not reach significance in either group (Fig.2.9). 
 
5.3.4 The Contribution of ERK to the Neuronal Excitation  
 
 As inhibition of ERK activation decreases enhanced synaptic transmission in neurons 
from arthritic rats (Fu et al., 2008), we examined the contribution of ERK to synaptic 
transmission in slices from neuropathic rats. A membrane-permeable selective inhibitor 
of ERK activation U0126 (10M) had no significant effect on amplitude of neuronal 






HFS-induced potentiation in the CeA does not require the activation of ERK. Time 
courses of HFS-induced potentiation of the optical responses in the absence (filled 
circles) or precence (open circles) of ERK inhibitor PD98059 (50μM) areas of the CeA. 
Each magnitude shows the averaged peak optical responses normalized to control 






Taclile allodynia was induced in the ipsilateral hindlimb in the ligated rats. Summary of 
the time-course of paw withdrawal threshold in the SNL and Sham groups. Open and 
filled circles indicate the thresholds in the hindpaws ipsilateral (left) and contralateral 
(right) to the ligation, respectively. Open and filled triangles indicates the thresholds in 
the hindpaws ipsilateral (left) and contralateral (right) to the sham-operation, 
respectively. n = 4 in each group, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 
0.00001 (compared with Sham group), ++p < 0.01, +++p < 0.001 (compared with the 






ERK activation in the CeA after nerve ligation. A, Representative photomicrographs of 
double immunofluorescence, showing pERK (red) and NeuN (green) immunoreactivity 
in the right CeA of Sham group (top row) and SNL group (bottom row) 3 hour after 
operation. The white dotted lines indicating the bounderies of the CeA. Scale bars, 
100μm. B, Time course of ERK activation after nerve ligation indicated as % 






Fig. 2.10.  
The effect of ERK inhibitor on gross neuronal excitation in the CeA of normal and 
neuropathic rats. A, Single pulse stimulation elicited optical responses in the CeA of 
normal rat before and after the application of ERK inhibitor U0126 (10μM). B, Single 
pulse stimulation elicited optical responses in the CeA of neuropathic rat before and 
after the application of U0126. C, Summary of the effect of U126 on the optical response. 
Each bar shows averaged peak amplitude of optical responses obtained from the area 
indicated by a filled black square in the photo of the recording area. Values are 




5.4  Discussion 
 
 In the present study, we demonstrated that the activation of ERK was not required for 
the LTP of neuronal excitation in the CeA .We also found that the number of 
pERK-positive cells were not significantly increased in the neuropathic pain animals 
compared with sham-operated animals and that these activation of ERK may not have 
any effect on neuronal excitation in the CeA. 
 
5.4.1 The Contribution of ERK on the Potentiation of Neuronal Excitation 
in the CeA 
 
The involvement of ERK in LTP has been reported in a number of brain areas, 
including spinal cord, hippocampus, and amygdala. In the LA, in vitro experiments 
revealed that both HFS- and forskolin-induced LTP were depressed by ERK inhibitors 
(Huang et al., 2000; Schafe et al., 2000). These ERK dependent LTP were also observed 
in vivo studies (Apergis-Schoute et al., 2005; Schafe et al., 2008). In contrast to the 
findings in the LA, the ERK inhibitor PD98059 did not prevent HFS-induced LTP in the 
CeA suggesting that ERK activation may not be required for this LTP. Although 
majority of LTP in a variety of brain regions require ERK, ERK independent form of 
LTP have been found in hippocampus. In the Schaffer collateral-CA1 pyramidal cell 
synapse, PKA-independent LTP elicited by a single 1s 100Hz train does not require 
ERK, whereas ERK plays a critical role in PKA-dependent form of LTP elicited by theta 
frequency (5Hz) stimulation in the same synapse (Winder et al., 1999). These data 
suggest that different patterns of stimulation induce LTP by recruiting different 
molecular signaling pathway and that the role ERK plays in LTP is dependent upon the 
type of stimulus used to evoke LTP. Furthermore, in hippocampal area CA3, NMDA 
receptor-independent LTP is not dependent on the ERK-signaling cascade, regardless of 
the induction paradigm (Kanterewicz et al., 2000). In addition, a recent study 
demonstrated that forskolin-induced synaptic facilitation at PB-CeA synapse is not 
blocked by the inhibition of ERK activation (Fu et al., 2008).  Additional studies will be 
necessary to determine whether the ERK independence of LTP that we observed in the 
present study depends on the type of LTP-inducing stimulus or is a general property of 






5.4.2 Activation of ERK Following Nerve Ligation 
 
Persistent changes in neuronal excitability and synaptic transmission occur in the 
amygdala during chronic pain condition (Neugebauer et al., 2003). Several studies have 
demonstrated that ERK activation mediates plasticity in various brain regions 
including the LA, hippocampus, and in the spinal cord (Schafe et al., 2000; Sweatt, 
2001; Hu and Gereau, 2003; Hu et al., 2003). ERK activation by the inflammatory pain 
has been described in various brain areas including the spinal cord (Ji et al., 1999, 2002; 
Karim et al., 2001; Adwanikar et al., 2004; Cruz et al., 2005), ACC (Cao et al., 2009) and 
amygdala (Carrasquillo and Gereau, 2007). In the amygdala, ERK activation in the 
amygdala has shown to be necessary and sufficient for the behavioral expression of 
peripheral tactile hypersensitivity, because blockade of amygdala ERK activation 
decreased inflammation-induced tactile hypersensitivity and pharmacological 
activation of ERK induced tactile hypersensitivity in the absence of tissue injury 
(Carrasquillo and Gereau, 2007). Activation of ERK in neuropathic pain model has also 
been observed in several brain regions such as the spinal cord (Zhuang et al., 2005) and 
ACC (Wei and Zhuo., 2008), while such activation in the amygdala is largely unknown. 
In this study, we found that the number of pERK-positive cell was not significantly 
increased in the neuropathic pain model. Additionally, inhibition of ERK activation did 
not decreased the neuronal excitation in the CeA of neuropathic rats. These results are 
in contrast to previous studies on the CeA of pain models, where the activation of ERK 
was increased in inflammatory pain model (Carrasquillo and Gereau, 2007) and the 
enhanced synaptic transmission at the CeA was inhibited by an ERK inhibitor in 
arthritic pain model (Fu et al., 2008). These differences in ERK contribution between 
these distinct models suggest that the contribution of ERK may vary depending on pain 
model. However, our data do not rule out the possibility that ERK activation involves in 
nerve ligation-induced neuropathic pain. It remains possible that we failed to observe 
the increase of ERK activation due to the use of the number of pERK-positive cell as a 
marker of ERK activation. Previous studies in this region used the density of the band 
of Western blot as a marker of ERK activation (Carrasquillo and Gereau, 2007; Kolber 
et al., 2010), suggesting that the number of pERK-positive cell may not be appropriate 
for the marker. Therefore, we should perform Western blot analysis to support our 
results. Furthermore, behavioral study with microinjection or genetic approach may be 






Summary and Remarks 
 
The amygdala is a central component of the limbic system and plays a crucial role in 
behavioral responses to emotional stimuli. Moreover, emerging evidence suggests that 
the amygdala, especially the CeA is deeply involved in processing the emotional 
component of pain. Neurons in the CeA have been shown to undergo plastic changes by 
pain-related inputs. For example, high frequency stimulation of the pain-specific 
afferent to the CeA has described to induce LTP in vitro. Furthermore, in pain models, 
excitability of the CeA neurons was enhanced, probably though several protein kinase 
pathways. However, their underlying mechanism is largely unknown. 
By using an optical recording, this study was intended to visualize the gross neuronal 
excitation in the CeA elicited by the electrical stimulation of afferent from the PB. We 
also sought to reveal the mechanism of LTP in the CeA. Furthermore, by using nerve 
ligation model, we tried to elucidate the possible involvement of ERK activation in 
neuropathic pain. 
The optical recording revealed the propagation pattern of neuronal excitation in the 
CeA. Moreover, the experiment with pharmacological agents clearly showed the 
propagation of excitation is mainly conveyed by non-NMDA receptors. These results 
could not be acquired from generally used microelectrode techniques in this brain region. 
It is, however, necessary to conduct more detailed studies with a recording system 
having higher resolutions (i.e. single-cell resolution) in order to clarify the mechanism of 
neuronal transmission in the CeA. 
The LTP in the CeA depended on NMDA receptor, cAMP and PKA, but not ERK. We 
thus suggest that Ca2+ influx through NMDA receptor trigger increased synthesis of 
cAMP by activated adenylyl cyclase, leading to the activation of PKA. We could not 
elucidate the exact mechanism which could occur after the activation of PKA, though 
protein synthesis may not be important. 
Ligation of spinal nerve induced tactile allodynia only in the hindpaw ipsilateral to the 
ligation within 1 hour after operation. However, we could not observe significant 
increase of ERK activation at 3, 6 hours and 7 days after ligation. In addition, inhibition 
of ERK had little or no effect on neuronal excitation in the CeA of neuropathic rats. We 
thus suggest that the activation of ERK does not play an important role in 
ligation-induced neuropathic pain. There may be an unidentified mechanism specific to 
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the development of neuropathic pain. 
Elucidation of underlying mechanism of pain-related plastic changes in the CeA will 
lead to the development of efficient therapeutic strategies against intractable chronic 




Part 3: Presynaptic Inhibition in the Spinal Cord 
Chapter 1 
 
Purpose of This Study 
 
 The sensory information which arrives at the central terminals of sensory neurons in 
the spinal dorsal horn is regulated by presynaptic inhibition. The reduction in 
amplitude of propagated action potentials as a result of primary afferent depolarization 
(PAD) is thought to be a mechanism of presynaptic inhibition. 
Early studies suggested that γ-aminobutyric acid (GABA) receptors at primary afferent 
terminals contribute to presynaptic inhibition. Pharmacological studies demonstrated a 
contribution of GABAA receptors to the induction of PAD in large primary afferents, and 
that the GABAA receptor antagonists picrotoxin and bicuculline reduce PAD. The 
possible presence of PAD in fine myelinated and unmyelinated primary afferent fibers 
has also been reported indirectly by measuring their antidromic activation thresholds, 
and by showing the depolarization of small-diameter dorsal root ganglion cells by GABA. 
Recent studies report the possible contribution of excitatory amino-acid (EAA) receptors 
to PAD in fine primary afferent fibers by exogenous activation of presynaptic AMPA, 
kainite and NMDA receptors. 
Although neurons neighboring afferent terminals had been thought to be a source of 
neurotransmitters which regulate presynaptic excitation, glial cells around afferent 
terminals have been proposed to be a source of these neurotransmitters. It is reported 
that release of neurotransmitter from the presynaptic terminal not only stimulates the 
postsynaptic neuron but also activates the perisynaptic glial cells. The activated glial 
cells, in turn, release neurotransmitters such as glutamate and/or ATP. It is thought 
that these neurotransmitters can directly stimulate the postsynaptic neuron and can 
feed back onto the presynaptic terminal either to enhance or to depress further release 
of neurotransmitter. 
Recently, we succeeded in recording the presynaptic excitation of fine afferents in a 
slice preparation of spinal dorsal horn by staining primary afferent fibers anterogradely 
from the dorsal root with a voltage-sensitive dye. In the present study, using optical 
imaging along with various pharmacological agents, we examined the effects of 
glutamate receptors, GABAA receptor antagonists and a glial metabolic inhibitor on 







2.1  Primary Afferent Depolarization 
 
The spinal cord receives a continuous barrage of sensory information that requires 
central mechanisms to limit and channel their signaling. That is, the central action of 
the “surplus” afferent impulses has to be reduced or abolished by inhibition. Such a 
suppression of afferent inflow may not only be necessary for the adaptation of the 
stimulus-intensity level, but may also serve many other purposes, such as concentration 
on relevant afferent inputs by suppressing those which are trivial to the organism at 
that moment. Inhibition of afferent activity can be exerted at any place in the 
centripetal pathways, but it appears most economical to do it at the earliest possible 
sites, even before the unwanted afferent activity has produced any appreciable 
disturbance in the central nervous system. Whereas in invertebrates direct inhibition of 
peripheral receptors is a rather common feature, it has been abandoned in the 
somatosensory receptor systems of vertebrates in favor of presynaptic inhibition. This 
offers some additional advantages to receptor inhibition that suppresses all information 
in the periphery, whereas presynaptic inhibition may suppress information flow in some 
intraspinal branches, but not in other branches of same afferent and may serve to 
address excitation to selected neuronal targets, according to specific needs in motor 
control and sensory discrimination. The most studied form of presynaptic inhibition of 
primary afferents is that associated with a depolarization of their terminals, termed 
primary afferent depolarization (PAD) which leads to a reduction in transmitter release 
(Rudomin and Schmidt, 1999; Shreckengost et al., 2010). 
 
2.2  The Mechamism of PAD 
 
It is now generally agreed that the PAD associated with presynaptic inhibition is 
produced by γ-aminobutyric acid (GABA) receptors. More recently, however, modulation 
of primary afferent glutamate release was demonstrated by exogenous activation of 
presynaptic AMPA, kainite and NMDA receptors, likely attributable to the induction of 




2.2.1 Contribution of GABA 
 
 Eccles et al. found that PAD produced by spinal cord circuits is not blocked by the 
glycine receptor antagonist strychnine, but that it is reduced by the GABAA receptor 
antagonist picrotoxin (Eccles et al., 1963). Furthermore, application of GABA to the 
surface of the spinal cord reduced dorsal root potentials (DRPs) and at the same time 
increased dorsal root reflexes. This suggests that GABA depolarizes primary afferent 
fibers toward the equilibrium potential for PAD (about –20 to –30 mV in dorsal root 
ganglion cells). The effectiveness of picrotoxin in reducing PAD has been confirmed and 
a similar effect of another GABAA receptor antagonist, bicuculline, has been 
demonstrated by several groups (Levy et al., 1971; Benoist et al., 1972; Levy and 
Anderson 1972; Mokha et al. 1983; Peng and Frank 1989; Quevedo et al. 1992). Levy 
found that systemically administered GABA depolarizes primary afferent fibers and 
occludes DRPs. PAD was observed even when neuronal activity was blocked by 
tetrodotoxin, and the PAD could be reduced by bicuculline (Levy, 1974, 1975). 
Curtis et al. showed that iontophoretic release of GABA depolarizes the terminals of 
group Ia fibers and that this effect is reversed by bicuculline (Curtis et al., 1977, 1995), 
in agreement with others (Sverdlov and Kozhechkin, 1975; Gmelin and Cerletti, 1976; 
Rudomin et al., 1981). Curtis et al. found that GABA increases the excitability of the 
terminals of cutaneous Aβ and Aδ fibers in the dorsal horn, as well as those of group Ia 
and Ib fibers in the intermediate nucleus and Ia fibers in the motor nucleus (Curtis et 
al., 1984). The increases in excitability are reduced by administration of bicuculline. 
Peng and Frank studied the inhibition of monosynaptic excitatory transmission 
between muscle spindle afferents and motoneurons in the frog spinal cord (Peng and 
Frank, 1989). Application of the GABAA receptor agonist muscimol causes a reduction 
in monosynaptic EPSP size and in quantal content, but not quantal size, which is 
accompanied by a reduction in the size of the afferent volley in presynaptic terminals. 
These effects are reversed by bicuculline. Analysis of the reduced afferent volley 
suggested that this reduction was not due to a failure of the action potential to invade 
presynaptic terminals. 
A number of investigators have explored the pharmacological properties of dorsal root 
ganglion cells. The reason for this approach is that the responses of the somas of dorsal 
root ganglion cells to neurotransmitters may reflect those of the synaptic terminals of 
the primary afferent neurons. Experimentally, the soma is much more accessible than 
the terminals, and it might thus serve as a model of mechanisms at play in the 
terminals. GABA application depolarizes dorsal root ganglion cells, and this 
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depolarization can be prevented by picrotoxin or bicuculline (De Groat et al., 1972; Feltz 
and Rasminsky, 1974; Nishi et al., 1974; Deschenes et al., 1976; Gallagher et al., 1978; 
Desarmenien et al., 1984). GABA increases the membrane conductance of dorsal root 
ganglion cells substantially, suggesting that an ionic current is involved (Nishi et al., 
1974; Deschenes et al., 1976; Gallagher et al., 1978). The equilibrium potential for the 
potential produced by GABA application is about –20 to –30 mV (Deschenes et al., 1976; 
Gallagher et al., 1978). The equilibrium potential is not affected by changes in the 
extracellular concentrations of Na+, K+, or Ca2+, but it is inversely related to the log of 
the extracellular chloride ion (Cl
-
) concentration (Gallagher et al., 1978). The calculated 
intracellular Cl
-
 indicates that Cl
-
 must be pumped into dorsal root ganglion cells. 
Measurements of intracellular Cl
-
 activity have shown that the value (30 mM) is almost 
3 times that expected if Cl
-
 were in equilibirum across the dorsal root ganglion cell 
membrane (Alvarez-Leefmans et al., 1998). 
The idea that GABA would cause a depolarization of primary afferent fibers through 
activation of GABAA receptors at first seems unlikely, since it is well known that GABAA 
receptors hyperpolarize neurons in the spinal cord, such as motoneurons, by opening 
chloride channels. The equilibrium potential for chloride in motoneurons is at a more 
hyperpolarized level than the resting membrane potential, and so the opening of 
chloride channels allows Cl
-
 to enter the motoneurons and to generate an IPSP (Coombs 
et al., 1955; Araki et al., 1961). The reason for this is that, in motoneurons, Cl
-
 is 
transported from the intracellular to the extracellular fluid (Lux et al., 1970; Lux, 1971; 
Nicoll, 1978). However, both the GABA and the chloride equilibrium potentials in dorsal 
root ganglion cells are near –30 mV (Deschenes et al., 1976; Gallagher et al., 1978; 
Alvarez-Leefmans et al., 1988). When chloride channels open, chloride leaves primary 
afferent neurons, depolarizing them. 
The reason that Cl
-
 in primary afferent neurons is concentrated intracellularly is an 
electroneutral Na+-K+-Clcotransporter that carries two Cl
-
, one Na+, and one K+ across 
the cell membrane into the cytoplasm (Alvarez-Leefmans et al., 1988, 1998). The 
“pumping” action is a form of secondary active transport. Energy is used to pump the 
Na+ back out of the neuron, not to pump Clinto the cell. Evidence for a role of this 
cotransporter is that furosemide and bumetanide, which block this type of cotransporter, 
prevent the intracellular accumulation of Cl
-
 in dorsal root ganglion cells 






2.2.2 Contribution of Excitatory Amino Acid 
 
The stimulation of primary afferent fibers produces PAD that is blocked not only by 
GABAA antagonists such as picrotoxin and bicuculline but also by antagonists of 
non-NMDA glutamate receptors (Evans and Long, 1989; Hackam and Davidoff, 1991). 
The most likely explanation of this finding is that primary afferent fibers release 
excitatory amino acids which then activate non-NMDA glutamate receptors on 
GABAergic interneurons, causing them to release GABA at axoaxonic or dendroaxonic 
synapses on primary afferent terminals (Sluka et al., 1995). 
Recently, Kerchner et al. reported that kainate suppressed EPSCs in dorsal horn 
neurons evoked by stimulation of synaptically coupled DRG cells in DRG–dorsal horn 
neuron cocultures. Interestingly, although the glutamate receptor subunit 5-selective 
kainate receptor agonist (RS)-2-a-amino-3-(3-hydroxy-5- tert-butylisoxazol-4-yl) 
propanoic acid (ATPA) (2 mM) was able to suppress DRG–dorsal horn synaptic 
transmission to a similar extent as kainate (10 mM), it had no effect on excitatory 
transmission between dorsal horn neurons. These data suggest that kainate receptor 
agonists, acting at a presynaptic locus, can reduce glutamate release from primary 
afferent sensory synapses (Kerchner et al., 2001). 
In addition, Lee et al. demonstrated that activation of presynaptic AMPA receptors by 
exogenous agonists causes inhibition of glutamate release from the terminals, possibly 
via PAD, indicating that PAD is also mediated by glutamate acting on presynaptically 
localized AMPA and kainate receptors (Lee et al., 2002). 
Furthermore, Bardoni et al. showed that functional NMDA receptors are present at or 
near the central terminals of primary afferent fibers and that activation of these 
presynaptic receptors results in an inhibition of glutamate release from the terminals 
(Bardoni et al., 2004). 
 
2.3  Glial Regulation of Synaptic Transmission 
 
The presynaptic terminal and the postsynaptic neuron have traditionally been viewed 
as the two functionally important elements of the synapse. Yet a third cellular 
component, the glial cell, is often associated with the synaptic structure. In the cortex, 
synapses are ensheathed by processes of astrocytes, the most common type of glial cell 
in the brain (Schikorski and Stevens, 1999; Ventura and Harris, 1999). In the 
peripheral nervous system, the neuromuscular junction is tightly ensheathed by 
perisynaptic Schwann cells, which are specialized, nonmyelinating peripheral glia 
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(Reist and Smith, 1992; Robitaille, 1998).  
These perisynaptic glia have traditionally been thought to play little role in synaptic 
function. Recent research has revealed, however, that a lively, bidirectional 
conversation is conducted between perisynaptic glia and the neuronal elements at the 
synapse. Release of neurotransmitter from the presynaptic terminal not only stimulates 
the postsynaptic neuron but also activates the perisynaptic glia. The activated glial cell, 
in turn, releases gliotransmitters that can directly stimulate the postsynaptic neuron 
and can feed back onto the presynaptic terminal either to enhance or to depress further 
release of neurotransmitter (Transmitters released from glia will here be referred to as 
„gliotransmitters‟, to distinguish them from neurotransmitters released from neurons 
(Volterra and Bezzi, 2002)). Thus, the perisynaptic glial cell functions as an active 
partner in synaptic transmission. To understand synaptic function fully, the synapse 
must be considered a tripartite, rather than a bipartite, structure (Araque et al., 1999; 
Volterra et al., 2002). 
Many examples of bidirectional communication between neurons and glia at the 
synapse have now been documented. Experiments using culture and intact-tissue 
preparations demonstrate modulation of synaptic transmission by glia. 
Glial regulation of synaptic transmission has been best characterized in co-cultures of 
astrocytes and neurons, where [Ca2+] increases can be evoked in astrocytes by several 
stimuli, including electrical and mechanical stimulation and application of peptides 
(Parpura et al., 1994; Araque et al., 1998a, 1998b; Hassinger et al., 1995; Sanzgiri et al., 
1999). Activation of astrocytes reduces the amplitude of excitatory and inhibitory 
postsynaptic currents (EPSCs and IPSCs, respectively) evoked by electrical stimulation 
of presynaptic neurons (Araque et al., 1998a). This depression of synaptic transmission 
is mediated by glutamate release from astrocytes and is blocked by 
metabotropic-glutamate-receptor antagonists. 
Spontaneous synaptic events recorded from postsynaptic neurons are also modulated 
by astrocytes. The frequency of both miniature EPSCs (mEPSCs) and miniature IPSCs 
(mIPSCs) rises following astrocyte activation (Araque et al., 1998b). This response, 
opposite in sign to glial modulation of evoked synaptic potentials, is mediated by 
glutamate release from astrocytes and stimulation of presynaptic NMDA receptors. 
Glutamate release from astrocytes can also directly stimulate postsynaptic neurons, 
evoking depolarizing „slow inward currents‟ by activating neuronal AMPA and NMDA 
receptors (Parpura et al., 1994; Hassinger et al., 1995; Sanzgiri et al., 1999). In 
summary, experiments utilizing co-cultures of astrocytes and neurons demonstrate that 





Material and Methods 
 
3.1  Preparation 
 
All animal studies were undertaken according to protocols approved by the university 
animal ethics committee.  All efforts were made to minimize the number of animals 
used and their suffering. Eighteen- to 25-day-old Wister rats were anaesthetized by 
diethyl ether. Following laminectomy, the spinal cord was excised and several 
transverse slices (500 µm thick) with attached dorsal root were prepared from the 
lumbosacral enlargement. The animals were then sacrificed by an overdose of ether. 
Preparation for optical imaging of the gross neuronal excitation of afferent fibers has 
been described in detail (Ikeda et al., 1998). In short, each slice was stained in a bath 
filled with the voltage-sensitive absorption dye, RH-482 (0.1 mg/ml, 20 min) and set in a 
submersion-type chamber (0.2 ml) on an inverted microscope (IMT, Olympus, Tokyo) 
equipped with a 150 W halogen lamp. A dorsal root of the slice was suctioned into a 
glass pipette from which stimulus current was applied. As we have reported (Ikeda et 
al., 1998), a single current pulse of 2 mA with a duration of 0.5 ms activated both A and 
C fibers evoking an intense optical signal in stained slices, while no signal was observed 
in unstained slices (Murase et al., 1998; Asai et al., 2002). 
For optical imaging of excitation in primary afferent fibers, an unstained slice was set 
in the chamber, and the dorsal root was suctioned into a pipette filled with the 
voltage-sensitive dye (0.1 mg/ml) (Ikeda and Murase, 2004). In response to the 
C-fiber-activating dorsal root stimulation, the optical response became observable after 
3 hours of staining, but not within 1 to 2 hours. The staining period was thus fixed at 3 
hours. The voltage-sensitive dye in the pipette was then washed out, and the dorsal root 
was re-suctioned into the pipette containing no dye. 
Slices were perfused with Ringer‟s solution containing (in mM): 124 NaCl, 5 KCl, 1.2 
KH2PO4, 1.3 MgSO4, 2.4 CaCl2, 26 NaHCO3, 0.2 thiourea, 0.2 ascorbic acid, and 10 
glucose (oxygenated with 95% O2 and 5% CO2) at room temperature (23 ± 2C). The 






3.2  Optical recording 
 
As described in Ikeda et al. (Ikeda et al., 1998), the light absorption change, at a 
wavelength of 700  32 nm, in a 0.83 mm  0.83 mm area of the dorsal horn was 
recorded by a Deltalon 1700 imaging system (Fuji Film Co., Tokyo) with 128  128 pixel 
photo sensors at a frame rate of 0.6 ms. The dorsal root was stimulated via a glass 
suction electrode. Eight single pulses were given at a constant interval of 15 s. Starting 
10 ms before each stimulus, the image sensor took 128 consecutive frames of the 
light-absorption images at a sampling interval of 0.6 ms. A reference frame, which was 
taken immediately before each series of 128 frames, was subtracted from the 
subsequent frames. Eight series of such difference images were averaged and stored in 
the system memory. We determined the initial frame by averaging the first 15 frames of 
the difference image and then subtracting this average from each of the 128 frames of 
the image data on a pixel-by-pixel basis to eliminate the effects of noise contained in the 
reference frame. The ratio image was then calculated by dividing the image data by the 
reference frame. 
 As we have reported (Murase et al., 1998; Asai et al., 2002), by stimulation of 5 - 20 Hz 
for 1 s or longer to the dorsal root, a slow intrinsic optical signal with a duration of 1 - 2 
minutes was elicited, but not by single-pulse stimulation. Therefore, the optical signals 
induced by single stimulation presented in this study primarily reflected the changes 
produced by the voltage-sensitive dye, presumably by the cellular electrical activities. 
 
3.3  Neonatal capsaicin treatment 
 
Postnatal day 2 rats were anaesthetized with diethyl ether and injected 
subcutaneously at the dorsal cervix with a capsaicin solution (50 mg/kg). Three weeks 
after the injection, rats were tested for 1 min on a hot plate (65C). While normal, 
untreated rats raised and licked their feet within 10 s, successfully treated rats did not 
react for at least 1 min. 
 
3.4  Drugs 
 
The RH-482 (NK-3630) dye was obtained from Nippon Kanko Shikiso (Okayama, 
Japan). The D-2-amino-5-phosphonovaleric acid, capsaicin, and monofluoroacetic acid, 
were from Sigma (St. Louis, MO). 6-cyano-7-nitroquinoxaline-2,3-dione, picrotoxin and 





Results were expressed as means ± SE. Paired Student‟s t-tests or non-parametric 





Effect of Excitatory and Inhibitory Agents and a Glial Inhibitor on 
Optically-Recorded Primary-Afferent Excitation 
 
4.1  Effect of picrotoxin on afferent-induced excitation in the 
dorsal horn 
 
Fig. 3.1A shows an example of optically recorded neuronal excitation elicited by 
high-intensity, single-pulse stimulation of the dorsal root (current pulse of 2.0 mA with 
a duration of 0.5 ms), which activates both the A and C fibers in the dorsal root, in a 
slice stained with a voltage-sensitive dye. As we have reported previously (Ikeda and 
Murase, 2004; Ikeda et al., 1998), dorsal-root stimulation induced prolonged neuronal 
excitation ( 100 ms) in lamina I-III of the spinal dorsal horn (Fig. 3.1C). 
Bath application of a GABAA receptor antagonist, picrotoxin (100 M), increased the 
optically-recorded net neuronal excitation, a sum of pre- and postsynaptic excitations 
(Fig. 3.1A-C, 129  6%, p < 0.01, n = 9). The neuronal excitation induced by 
low-intensity stimulation (current pulse of 1.0 mA with a duration of 0.5 ms), which 
activates mainly A fibers in the dorsal root (Ikeda et al., 1998), was slightly increased by 
picrotoxin (Fig. 3.1D, E, 104  5%, n = 5). 
 
4.2  The effect of capsaicin treatment 
 
To confirm that picrotoxin is effective on the neuronal excitation induced by C-fiber 
activity, we depleted most C-fiber inputs by neonatal capsaicin treatment (Yang et al., 
2003) and then examined the effects of picrotoxin on the optical response. In slices 
taken from these capsaicin-treated rats, the magnitude of neuronal excitation evoked by 
high-intensity stimulation in the superficial dorsal horn was significantly smaller than 
that of normal rats (Fig. 3.2A, B, p < 0.05 at 2.0 mA, 2.5 mA, and 3 mA, n = 5). These 
results indicate that capsaicin-treated rats lacked capsaicin-sensitive C-fibers (Kusudo 
et al., 2006). No significant potentiation was observed by picrotoxin in slices taken from 
the capsaicin-treated rats (Fig. 3.2C, 101  3%, n = 9). 
 
4.3 Effect of picrotoxin on presynaptic excitation 
 
We then stained only the primary afferent fibers for 3 hours via anterograde 
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application of the voltage-sensitive dye in the suction pipette used for dorsal root 
stimulation. Dorsal root stimulation induced short-lasting (< 5 ms), action-potential or 
compound action potential-like optical signals in the spinal dorsal horn (thin trace in 
Fig. 3.3A) (Ikeda and Murase, 2004). When the same slice was perfused with the 
solution containing the voltage-sensitive dye for 20 min, a prolonged component 
appeared in the optical response (bold trace in Fig. 3.3A), as was seen in the net 
excitation described in the previous section. 
The presynaptic excitation induced by high-intensity stimulation, but not by 
low-intensity stimulation, was increased in the presence of picrotoxin (Fig. 3.3B & C 
high-intensity: 125  2%, p < 0.01, low-intensity: 83  3%, n = 4). The presynaptic 
excitation induced by high-intensity stimulation was also increased in the presence of 
bicuculline (2 M) (132  7%, p < 0.01, n = 3). 
 
4.4  Effect of excitatory amino acid antagonists on presynaptic 
excitation 
 
We next examined the effects of excitatory amino acid antagonists on presynaptic 
excitation induced by high-intensity stimulation. Application of the non-NMDA 
glutamate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 M) 
alone increased presynaptic excitation (Fig. 3.4A & D, 116  2%, p < 0.01, n = 4). 
Application of the NMDA-receptor antagonist D-2-amino-5-phosphonovaleric acid 
(D-AP5, 50 M) together with CNQX produced a larger increase (Fig. 3.4B & D, 125  
5%, p < 0.01, n = 4).  
 
4.5  Effect of picrotoxin in the presence of excitatory amino acid 
antagonists on presynaptic excitation 
 
We further examined the effects of picrotoxin in the presence of excitatory amino acid 
antagonists on presynaptic excitation induced by high-intensity stimulation. In slices 
treated with both CNQX (10 M) and D-AP5 (50 M), the picrotoxin-induced increase in 
neuronal excitation was not augmented, but was smaller than that in control slices (Fig. 
3.5A & C, 114  3%, p < 0.01, n = 4). 
 
4.6  Effect of glial metabolic inhibitor 
 
Mono-fluoroacetic acid (MFA) is known to block glial metabolism (Hülsmann et al., 
－61－ 
 
2000). Therefore, we next examined the effects of MFA on presynaptic excitation in the 
presence of EAA antagonists and picrotoxin. 
MFA (5 mM) alone, and MFA together with D-AP5 and CNQX, increased the 
presynaptic excitation slightly (MFA alone: Fig. 3.4D, 112  3%, p < 0.01, n = 3, MFA, 
D-AP5 & CNQX: Fig. 3.4C & D, 130  9%, p < 0.01, n = 4). MFA (5 mM), in addition to 
D-AP5 and CNQX, completely blocked the increase in neuronal excitation induced by 









Increase in net neuronal excitation in the spinal dorsal horn following application of 
picrotoxin. A, Optical responses elicited by a high-intensity single-pulse stimulation (a 
current pulse of 2.0 mA with a duration of 0.5 ms) to the dorsal root in the control 
condition (left image) and in the presence of picrotoxin (right image) 4.8 ms after 
stimulation. Images were taken from the area indicated by the red square in the photo 
of the transverse slice. The percent change in light absorption is depicted using 
simulated color as described in the color bar. B, Spatial distributions of the optical 
responses in the control (thin lines) and picrotoxin (bold lines) conditions along three 
dorso-ventral lines, a-c, in the photo of a transverse slice indicated in A. Horizontal bars 
indicate the area of the substantia gelatinosa (SG) identified visually. C, Spatially 
averaged time courses of responses in control (thin line) and picrotoxin (bold line) 
conditions. The time courses were obtained in the dorsal horn from the area indicated 
by the filled white square in the photo of a transverse slice indicated in A. D, Optical 
responses elicited by a low-intensity single-pulse stimulation (a current pulse of 1.0 mA 
with a duration of 0.5 ms) to the dorsal root in control (left image) and picrotoxin (right 
image) conditions 4.8 ms after stimulation. Images were taken from the area indicated 
by the red square indicated in A. The percent change in the light absorption is depicted 
using simulated color as described in the color bar. E, Spatially averaged time courses of 
responses in control (thin line) and picrotoxin (thick line) conditions. The time courses 
were obtained in the dorsal horn from the area indicated by the filled white rectangle 






The effect of picrotoxin on neuronal excitation in slices taken from capsaicin-treated 
rats. A, Examples of optical response time courses in substantia gelatinosa of spinal 
dorsal horn elicited by various intensities of single-pulse stimulations to the dorsal root 
in a slice taken from a capsaicin-treated rat. The arrowhead indicates the time when 
stimulation was applied. B, The mean amplitude of optical responses elicited by the 
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stimulation pulses shown in A in slices taken from normal rats (open circles) and 
capsaicin-treated rats (filled circles). C, Examples of time courses of optical responses in 
the substantia gelatinosa of the spinal dorsal horn elicited by a high-intensity 
single-pulse stimulation to the dorsal root in a slice taken from a capsaicin-treated rat 
in control (thin line) and picrotoxin (thick line) conditions. The arrowhead indicates the 






The increase in presynaptic excitation in the spinal dorsal horn by picrotoxin. A, 
Spatially averaged time course of the optical response elicited by a high-intensity 
single-pulse stimulation to the dorsal root in a slice stained anterogradely with a 
voltage-sensitive dye applied to the dorsal root (thin line), and the time course obtained 
from the same slice after bath application of the voltage-sensitive dye (thick line). These 
spatially averaged time courses were obtained in 16  16 pixels in the substantia 
gelatinosa. B, Spatially averaged time courses of optical responses in slices stained 
anterogradely with a voltage-sensitive dye. The upper and lower traces indicate the 
responses in the substantia gelatinosa of spinal dorsal horn by a high and a 
low-intensity stimulation in control (thin line) and picrotoxin (thick line) conditions, 
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respectively. C, The bar graph summarizes the picrotoxin-induced increases in the net 









The effect of glutamate receptor antagonists and a glial metabolism inhibitor on the 
increase of neuronal excitation by picrotoxin. A, Spatially averaged time courses of 
presynaptic excitation in the substantia gelatinosa of spinal dorsal horn elicited by a 
high-intensity single-pulse stimulation to the dorsal root in the presence of D-AP5 and 
CNQX (thin line), and after adding picrotoxin (bold line). B, Spatially averaged time 
courses of the optical response in the substantia gelatinosa of spinal dorsal horn elicited 
by a high-intensity single-pulse stimulation to the dorsal root in the presence of D-AP5, 
CNQX and MFA (thin line), and after adding picrotoxin (bold line). C, The bar graph 
summarizes the picrotoxin-induced increases in the presynaptic excitation without 
D-AP5 and CNQX (w/o D-AP5+CNQX) in the presence of D-AP5 and CNQX 
(D-AP5+CNQX), and presynaptic excitation in the presence of D-AP5, CNQX and MFA 






The effect of glutamate receptor antagonists and a glial metabolism inhibitor on 
presynaptic excitation. A, Spatially averaged time course of presynaptic excitation in 
the substantia gelatinosa in spinal dorsal horn elicited by high-intensity stimulation to 
the dorsal root in a control slice (thin line), and that after the application of CNQX (bold 
line). B, Spatially averaged time courses of presynaptic excitation before (thin) and after 
(thick) the application of D-AP5 and CNQX. C, Spatially averaged time courses of 
presynaptic excitation before (thin line) and after (bold line) the application of D-AP5 
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and CNQX and MFA. D, The bar graph summarizes the increases in presynaptic 
excitation induced by the application of CNQX, by D-AP5 and CNQX, and by D-AP5, 








In this study, using optical imaging with a voltage-sensitive dye, we showed that net 
neuronal excitation evoked by dorsal root stimulation of C fiber-activating strength was 
potentiated by picrotoxin. We then recorded the excitation of only the presynaptic 
elements by anterograde staining via the dorsal root, and showed that it was also 
potentiated by picrotoxin and bicuculline. Application of CNQX alone potentiated the 
presynaptic excitation evoked by dorsal root stimulation. Application of CNQX and 
D-AP5 also potentiated the presynaptic excitation. The potentiation of presynaptic 
excitation by picrotoxin was inhibited by D-AP5 and CNQX. MFA alone potentiated 
slightly. Application of MFA together with D-AP5 and CNQX completely blocked the 
potentiation of presynaptic excitation by picrotoxin. 
 
5.1  Effect of picrotoxin on net neuronal excitation 
 
Bath application of picrotoxin potentiated the net neuronal excitation in lamina I-III of 
the dorsal horn evoked by high-intensity dorsal root stimulation. We have previously 
shown that net excitation consists of early-presynaptic and delayed-postsynaptic 
components, and that the presynaptic excitation of A-fiber origin is much less than that 
of C-fiber origin (Ikeda et al., 1998). In this study, in addition, we showed that the 
neuronal excitation elicited by high-intensity stimulation is weak in slices taken from 
neonatal capsaicin-treated rats that had lost their behavioral response to noxious 
stimulation, presumably due to the loss of their C-fibers (Yang et al., 2003). Therefore, 
the neuronal excitation evoked by high-intensity stimulation mainly reflects the 
response to noxious stimuli. Under normal conditions, therefore, the nociceptive 
information in the superficial dorsal horn is persistently depressed via GABAA 
receptors. 
Picrotoxin was more effective in neuronal excitation in slices taken from normal rats 
than from capsaicin-treated rats. These results suggest that the effects of picrotoxin 
observed in this study mainly reflect its effect on C-fibers. However, we can not separate 
the neuronal excitation induced by A-fibers from that by C-fibers only. We have shown 
that the neuronal excitation induced by the activation of large-diameter fibers is very 
small (Ikeda et al., 1998). Therefore, we were unable to clarify whether or not the 
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optically-recorded neuronal excitation induced by large-diameter fibers is potentiated 
by picrotoxin. There are many reports, in addition, demonstrating that GABAA 
receptors are expressed not only at central terminals of primary afferent fibers but also 
in dorsal horn neurons and that blocking GABAA receptors evokes excitation of dorsal 
horn neurons. Thus, it is expected that applying picrotoxin might also affect dorsal horn 
neuron excitability resulting from the blockade of GABAA receptors on dorsal horn 
neurons. Therefore, it is puzzling that the potentiation by picrotoxin was not observed 
in capsaicin-treated spinal cord slices. 
 
5.2  Effect of picrotoxin on presynaptic excitation 
 
In this study, neuronal excitation of just the presynaptic elements was recorded by 
anterogradely staining with a voltage-sensitive dye applied via the dorsal root. This 
presynaptic excitation evoked by high-intensity dorsal root stimulation was not 
decreased by the application of the EAA antagonists, D-AP5 and CNQX. The 
anterograde staining, therefore, successfully labeled only presynaptic elements that 
consist of primary afferents and their terminals, but not postsynaptic neurons. 
Although it is impossible to measure the actual membrane potential values by the 
imaging system, it is highly likely that the evoked excitation represents compound 
action potentials in primary afferent fibers and/or terminals, because of its short 
duration. 
Picrotoxin potentiated the evoked presynaptic excitation. This finding confirms that, 
under normal conditions, the generation of action potentials in primary afferents in the 
superficial dorsal horn is persistently inhibited via GABAA receptors. 
 
5.3  Effect of EAA antagonists on presynaptic excitation 
 
The potentiation of presynaptic excitation was also observed by the application of EAA 
antagonists. It is reported that the receptors for EAA exist on primary afferent 
terminals, and that the activation of these receptors inhibits transmitter release from 
the terminals (Kerchner et al., 2001; Lee et al., 2002; Bardoni et al., 2004). Therefore, 
the effect of EAA antagonists on presynaptic excitation may be due to the blockage of 
such EAA receptors on primary-afferent terminals. Alternatively, the action of EAA 
antagonists on postsynaptic GABAergic interneurons might have caused the EAA effect. 
In immunocytochemical studies, it was shown that GABAergic interneurons around 
primary afferent terminals make axoaxonic or dendroaxonic synapses in the superficial 
laminae of the dorsal horn (Alvarez et al., 1992; Bernardi et al., 1995; Todd and 
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Lochhead, 1990). In this study, the potentiation of presynaptic excitation by picrotoxin 
was not observed in the presence of D-AP5 and CNQX that inhibit excitatory synaptic 
transmission from primary afferents to postsynaptic neurons. These results favor the 
possibility that EAA antagonists inhibit the activity of GABAergic interneurons 
resulting in less release of GABA that acts on primary afferents. GABAergic 
interneurons thus might be the source for inhibition of presynaptic excitation, at least 
in part. 
Since we applied glutamate receptor antagonists into the bath, activities of both 
postsynaptic excitatory neurons and GABAergic inhibitory neurons could be blocked 
unselectively, and there is no way to inhibit only one of the others, release of GABA and 
release of excitatory amino acids. It is therefore impossible to conclude which of the 
mechanisms takes the primary role at present. The possible inhibition via excitatory 
neurons, in addition to GABAergic inhibition, thus needs to be clarified in future with 
different techniques. It is also unclear whether the presynaptic inhibition observed in 
this study is due to the tonic neurotransmitter release or feedback responses from the 
activation of interneurons. The use of paired stimuli might provide the answer, by 
measuring the attenuation of the response to the second stimulus. 
 
5.4  Contribution of glial cells to presynaptic inhibition 
 
The glial metabolism inhibitor MFA, together with the glutamate receptor antagonists 
D-AP5 and CNQX, completely blocked the picrotoxin-induced increase in presynaptic 
excitation. This result indicates that glial cells also contribute to GABAergic 
presynaptic inhibition. Several studies in culture (Jow et al., 2004; Liu et al., 2000) and 
in slices of the olfactory bulb (Kozlov et al., 2006) revealed that GABA or GABA-like 
substances can be secreted from glial cells, and they suggested that GABA released 
from glial cells is a source of tonic inhibition. Furthermore, in the spinal dorsal horn, it 
has been suggested that nociceptive transmission is inhibited by tonic GABA release 
(Ataka and Gu, 2006; Cronin et al., 2004). Therefore, although there is no evidence that 
glial cells in the spinal dorsal horn can secret GABA, it is possible that nociceptive 
information in the spinal dorsal horn is inhibited by tonic release of GABA from glial 
cells. Thus, we still have to investigate whether the glial cells in the spinal dorsal horn 
can also produce and release GABA. In addition, because MFA may inhibit other glial 
functions, we also need to examine the effects of other glial functions on presynaptic 
inhibition. Experiments with other doses of MFA and/or other glial inhibitors are also 





Summary and Remarks 
 
We demonstrated directly with an optical method that extracellular application of 
GABA receptor antagonists, glutamate receptor antagonists, and a glial metabolism 
inhibitor increases presynaptic excitation in the superficial dorsal horn. The increase in 
presynaptic excitation by picrotoxin was inhibited in the presence of glutamate receptor 
antagonists, and an inhibitor of glial metabolism. These results suggest that primary 
afferent terminals are inhibited by GABA release from GABAergic inhibitory neurons 
and also from glial cells (Fig. 3.6). Numerous reports suggest the inhibition of 
nociceptive information by GABA in the spinal dorsal horn. It is also reported that 
activation of GABAA receptors in the primary afferent terminals produces PAD [for 
review, see 2], and that PAD reduces the amplitude of propagated action potentials in 
primary afferent terminals, thereby reducing neurotransmitter release (Katz and 
Miledi, 1967). In the processing of nociceptive information flow, PAD has been 
considered as a mechanism of the „gate control‟ theory suggested by Melzack and Wall 
(Melzack and Wall, 1965). It is also suggested that PAD is a mechanism for allodynia 
and hyperalgesia in chronic pain (Cervero and Laird, 1996). Further studies may clearly 
confirm such pain control mechanisms by directly recording afferent excitation with an 






Possible mechanism of presynaptic inhibition in primary afferent terminals by GABA. 
Bath application of bicuculline (Bic) and/or picrotoxin (Pic) increases presynaptic 
excitation by blocking GABA receptors (GABA-R) on afferent terminals. MFA blocks the 
GABAergic action partially, inhibiting glial cells and leaving the neuronal path intact. 
Blocking glutamate receptors with D-AP5 and CNQX potentiates the presynaptic 
excitation by inhibiting the activity of GABAergic neurons and the presynaptic 
glutaminergic action. Further addition of MFA together with D-AP5 and CNQX removes 





Part 4: Conclusion and Future Directions 
 
 
Pain is a vital warning signal which teaches us to avoid harmful situations and elicits 
withdrawal reflexes from noxious stimuli. Pain also exhorts us to rest an injured part of 
our body. In chronic pain condition, however, pain no longer serves that purposes and 
impair the patients‟ quality of life (QOL). Treatment of such pain is very difficult 
because pain sensation highly depends on one‟s experience and differs from person to 
person. In the context of pain treatment, we have endogenous pain modulation system 
to control ascending nociceptive signals. Although several regions have shown to involve 
pain modulation, their mechanism is not fully understood. In this study, we investigated 
two important regions in central pain modulation system; the amygdala and the spinal 
cord. 
The amygdala, especially the CeA, is an important region for the affective component 
of pain and has much reciprocal connections with PAG. Furthermore, pain-related 
plastic changes occurred in the CeA have been implicated in the mechanism underlying 
persistent pain. In the experiment at the CeA, we revealed the propagation of neuronal 
excitation and the mechanism of LTP in the CeA. These results are very useful to 
understand the mechanism of pain-related plastic changes in the CeA and its 
contribution to the pain modulation system in chronic pain condition. 
The spinal cord is the primary site for the nociceptive signal processing and the action 
of higher pain modulating system. The PAD has been proposed as an important 
phenomenon for the pain modulation in the spinal cord. However, its detailed 
mechanism is unknown. In the experiment at the spinal cord, we elucidated the 
contribution of inhibitory neurons and glial cells. These results provide insight for 
understanding the pain modulating action in the spinal cord and developing more 
effective treatment of pain. 
Pain is a complex perception which multiple regions interact with each other. In our 
present experiments, however, important connections in pain modulating system were 
impared in the course of slice preparation. Although these experiments are very useful 
in some cases, in vivo experiments are required to understand the multiregional 
complex interactions underlying pain experience and modulation. Recent neuroimaging 
studies using PET, fMRI and SPECT have revealed pain-related multiregional 
activation and provided profound evidence for pain processing mechanism in the brain 
network. While these imaging are very powerful techniques, there are still limitations 
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in spatial and temporal resolution. Thus, more sensitive and high-resolution recording 
method is required. 
Recent studies reported that the pain modulation system acts not only inhibition but 
also facilitation of nociceptive inputs and these plastic changes from inhibition to 
facilitation may underlie the persistent pain. Although such demonstration of 
descending pain facilitation provide a more complete picture of the body‟s endogenous 
pain modulation system, their mechanisms are largely unknown. Future advances will 
provide new insights into the neurobiological basis of pain and the basis for novel types 
of analgesics and management strategies. 
Not only the medical significance, these pain researches have great significance for 
engineering. Because pain processing is a fundamental function of organisms, it may 
hold some basic efficient mechanisms for learning and adaptation. Thus, their 
mechanism can be applied to the development of some intelligent information 
processing or learning systems. Moreover, they can also be applied to making 
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